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Referat:
Die vorliegende Dissertation untersucht die  Bildung von sekundärem organischen 
Aerosol (SOA) aus der Monoterpenoxidation, um die zu Grunde liegenden Prozesse 
und involvierten Verbindungen in der Gas- und Partikelphase besser zu verstehen. 
Dabei wurde eine Denuder/Filter-Kombination verwendet, die eine gleichzeitige 
Sammlung von gas- und partikelförmigen Verbindungen ermöglicht. Diese Technik 
wurde  mit  zwölf  atmosphärenrelevanten  Carbonyl-Verbindungen  umfassend 
charakterisiert  und  optimiert.  Dabei  wurde  die  Beschichtungsmethodik  von 
Denudern  als  auch  die  Sammlungseffizienz  verbessert.  Durch  Aufbringung  des 
Derivatisierungsmittels  2,4-Dinitrophenylhydrazin  (DNPH)  auf  die  innere 
Denuderoberfläche konnte das Durchbruchspotential reduziert werden (z.B. von 98% 
auf  0.9%  für  Methylvinylketon),  sowie  die  Adsorption  auf  seriell  verbundenen 
Filtern verringert werden (z.B. von 8.7% auf 0% für Aceton). Kalibrierexperimente 
gegen eine Aerosol-Kammer ermöglichten es, die relative Standardabweichung der 
Kalibrierpunkte um mehr als  die  Hälfte zu vermindern (für Aceton,  Acetaldehyd, 
Methylvinylketon, Glyoxal, Benzaldehyd und Campholenaldehyd auf XAD-4/DNPH 
Denudern) und somit deren Quantifizierungsfehler zu reduzieren.
Diese Sammlungstechnik wurde zur Untersuchung der Ozonolysen von  α- und 
β-Pinen  eingesetzt.  Im  Zusammenhang  mit  unterschiedlichen  Partikelaziditäten 
wurde,  durch  Zusatz  des  OH-Radikalfängers  CO,  der  Einfluss  von  HO2/RO2- 
Verhältnissen  auf  die  SOA-Bildung,  die  Produktverteilung  und  das 
Partitionierungsverhalten ausgewählter Oxidationsprodukte untersucht. 
Im Vergleich zur Verwendung von neutralen Partikeln konnte für  α-Pinen eine 
Zunahme  der  SOA-Ausbeuten  um  8%  beobachtet  werden,  wenn  CO  und  saure 
Partikel  eingesetzt  wurden,  wohingegen  für  β-Pinen  nur  ein  geringer  Zuwachs 
verzeichnet wurde (~ 2%). 
Mit der Denuder/Filter-Kombination konnte z.B. der Terpenylaldehyd zum ersten 
Mal  aus  der  α-Pinen-Ozonolyse  in  der  Gas-  und  Partikelphase  detektiert  und 
quantifiziert  werden  (jeweils  1% und  0.4%).  Zudem konnte  in  dieser  Arbeit  die 
atmosphärische Relevanz von Terpenylaldehyd aus Feldmessungen belegt und ein 
möglicher Bildungsweg aufgezeigt werden. 
Des Weiteren konnte diese Arbeit eine andere Erklärung für die verstärkte SOA-
Bildung  an  sauren  Partikeln  bei  der  Monoterpen-Ozonolyse  liefern.  Es  konnte 
gezeigt  werden,  dass  Monoterpenoxide  an  sauren  Partikeln  unter  Bildung 
hochreaktiver SOA-Vorläufer isomerisieren und deren Folgereaktion mit Ozon einen 
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Abstract
This  PhD thesis  aims  to  improve  the  knowledge  on  the  processes  and  chemical 
species  in  the  gas-  and  particle-phases  that  are  involved  in  the  production  of 
secondary organic aerosol (SOA) from monoterpene oxidation in the atmosphere.
A denuder/filter technique that enabled the simultaneous sampling of gaseous and 
particulate compounds was applied in the present study. The sampling technique was 
comprehensively characterised and optimised using twelve atmospherically relevant 
carbonyl compounds. The present study improved the denuder coating procedure and 
the  sampling  performance.  An additional  coating  with  the  derivatisation  reagent, 
2,4-dinitrophenylhydrazine (DNPH), reduced the break-through potential (e.g., from 
98% to 0.9% for methyl vinyl ketone) and the fraction of carbonyl compounds on the 
filter material (e.g., from 8.7% to 0% for acetone).
Calibration experiments against an aerosol chamber were performed to reduce the 
relative  standard  deviation  (RSD)  of  the  calibration  points  in  the  denuder 
measurements. The RSDs were reduced by half for acetone, acetaldehyde, methyl 
vinyl  ketone,  glyoxal,  benzaldehyde  and  campholenic  aldehyde  using  a 
XAD-4/DNPH denuder, and the quantification error was also reduced.
This  sampling  technique  was  then  applied  to  a  series  of  α-  and  β-pinene 
ozonolysis experiments. The present study examined the influence of an OH radical 
scavenger  (CO),  and  hence  the  HO2/RO2 ratio,  on  the  SOA formation,  product 
distribution and partitioning behaviour of selected oxidation products in conjunction 
with different seed particle acidities. 
It  was  shown that SOA yields increased by about  8% in  α-pinene  ozonolysis 
when CO and acidic seed particles co-existed, whereas only a marginal difference 
was observed (increase of 2%) for β-pinene compared to neutral seed particles.
From the denuder/filter sample analysis, it was possible to tentatively identify a 
new compound from the  α-pinene ozonolysis,  i.e.,  terpenylic  aldehyde.  Gas- and 
particle-phase yields were estimated for the first time for this compound (i.e., 1% and  
0.4%,  respectively).  The  atmospheric  relevance  of  terpenylic  aldehyde  was 
demonstrated  based  on  ambient  filter  measurements  and  a  possible  formation 
pathway was suggested. 
Furthermore, the present study provided an additional explanation for enhanced 
SOA formation when acidic seed particles are used in monoterpene ozonolysis. It 
was  demonstrated  that  the  isomerisation  of  monoterpene  oxides  on  acidic  seed 
particles leads to the formation of highly reactive SOA precursors, whose subsequent 
reaction with ozone contributes significantly to SOA formation. 
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1 Introduction
1.1 The Atmosphere
The  Earth’s  atmosphere  can  be  divided  into  multiple  regions  according  to  their 
temperature  profile  (see  Figure  1-1).  The  atmosphere  is  primarily  composed  of 
nitrogen (N2,  78.1%), oxygen (O2,  20.9%) and argon (Ar, 0.9%). The atmosphere 
also contains water vapour whose concentration is highly variable, though most of 
the water vapour is found in the lower part of the atmosphere and ranges between 1 
and  4  mol% (Seinfeld  and  Pandis,  2006).  Other  constituents  of  the  atmosphere 
include so-called ‘trace gases’ with mixing ratios that range between ppt and ppm 
(parts  per  trillion  and  parts  per  million,  respectively).  Despite  their  low 
concentrations,  trace  gases  play  a  crucial  role  in  atmospheric  chemistry  and  the 
Earth’s climate. Some examples of these gases are carbon dioxide, methane, nitrous 
oxides and ozone (O3), which have dramatically changed in concentration over the 
last two centuries. In addition to gaseous species, the atmosphere contains various 
natural and anthropogenic (man-made) particles such as dust, volcanic ash, sea spray 
and pollen. 
The  troposphere  represents  the  lowest  layer  of  the  atmosphere  where  weather 
phenomena take place. It can be divided into the planetary boundary layer, which 
typically ranges from the Earth’s surface to an altitude of a few hundred to a few 
thousand meters, and the free troposphere, which extends from about 1 km to the 
tropopause  (10-15 km).  The boundary  layer  strongly  interacts  with  the  planetary 
surface and the biosphere. The most important interaction includes gas and particle 
exchange. 
The  temperature  in  the  troposphere  generally  decreases  with  height,  reaching an 
average  of  about  217  K  at  the  tropopause  (Seinfeld  and  Pandis,  2006).  This 
temperature decline results from the increasing distance to the Earth’s surface, which 
is warmed along with the lower atmosphere by solar radiation. As warm air rises, 
strong vertical mixing occurs. Species that are emitted at the Earth’s surface can rise 
to the tropopause in a few days or less (Finlayson-Pitts and Pitts, 1999). 
Substantial  amounts  of  volatile  organic  compounds (VOCs) are  released  into the 
atmosphere from various natural and anthropogenic sources. VOCs play an important 
role  in  atmospheric  chemistry  through their  reactions  with  atmospheric  oxidants. 
Photochemical-induced  air  pollution  is  associated  with  aerosol  formation  and 
growth, tropospheric ozone formation and adverse health effects. The length of time 
these compounds stay in the atmosphere depends on different parameters such as 
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chemical reactivity, meteorological conditions, location and time of day. Their ability 
to be mixed and transported within the troposphere is determined by chemical and 
physical  removal  processes.  Gaseous  or  particulate  pollutants  can  be  chemically 
transformed,  or  removed  by  dry  and  wet  deposition  involving  transport  on  any 
surfaces. Wet deposition means a pollutant is dissolved in atmospheric water droplets 
first and then removed through precipitation. 
The  relationship  between  atmospheric  removal  and  average  mixing  in  various 
sections of the atmosphere determines the distribution of a compound (Koppmann, 
2007). Typical exchange times are one to two days for air to mix vertically out of the 
boundary layer and two weeks to a month for air to circulate around the Northern or 
Southern  Hemisphere  (ibid.).  A species  needs  approximately  one  year  for  inter-
hemispheric  exchange,  and about  four  to  six  years  for  an  exchange between the 
troposphere and stratosphere (ibid.).
Figure 1-1. Structure of the atmosphere (taken from Wayne and Holloway, 2010). 




At the tropopause the temperature profile changes and it increases throughout the 
stratosphere. This is mainly due to two processes occurring in the stratosphere. The 
first process results from a series of photochemical reactions (R-1 – R-4; “Chapman 






The reaction (R-2) is exothermic, thus heating the stratosphere. Stratospheric ozone 
is essential for life on Earth as it absorbs light of λ < 290 nm. As a result only light 
with a wavelength longer than 290 nm can reach the troposphere and is commonly 
referred  to  as  actinic  radiation  (Finlayson-Pitts  and  Pitts,  1999).  Only  those 
molecules  that  absorb  radiation  longer  than  290  nm can undergo  photochemical 
reactions in the troposphere (ibid.).
The second process involves the UV absorption of ozone in the stratosphere. Ozone 
absorbs light between 200 and 310 nm and weakly up to the visible region. Ozone 
photodissociation proceeds at  wavelength of up to 310 nm to yield electronically 
excited O2 (1Δg) and O(1D). Excess energy available after the absorption of light up to 
this value is converted to heat (ibid.). 
1.2 Biogenic Volatile Organic Compounds (BVOC)
Biogenic  Volatile  Organic  Compounds  (BVOCs)  play  an  important  role  in 
atmospheric  chemistry.  They  are  predominantly  emitted  by  plants,  with  a  small 
contribution from soil  and oceans (Kesselmeier and Staudt, 1999). In comparison 
with anthropogenic emissions such as fossil fuels and industrial activities, BVOC 
emissions are far higher than anthropogenic emissions on a global scale (Guenther, 
1999;  Kanakidou et  al.,  2005;  Goldstein and Galbally,  2007).  The importance of 
BVOCs in atmospheric chemistry and particle formation was postulated as early as 
the  1960s  when  volatilised  terpenes  and  other  plant  VOCs  were  thought  to  be 
responsible for the observed blue haze above forests (Went, 1960).
Terpenes are synthesised in terrestrial plants from an “activated isoprene” unit (C5) 
where the amount and mixture of individual compounds varie between different plant  
families and species. 
3
O2 + hv → 2 O
O + O2 →
M O3
O + O3 → 2 O2
O3 + hv → O + O2
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They are classified according to the number of C5 units in the molecule, as shown in 
Figure 1-2.
Figure 1-2. Classification of terpenes and examples of representatives. 
All  terpenes  are  synthesised  from  the  “activated  isoprene”,  namely  isopentenyl 
pyrophosphate  (IPP).  The  precursor  IPP  is  produced  via  either  the  classical 
mevalonate  pathway  or  the  mevalonate-independent  MEP/DOXP (2-C-methyl-D-
erythritol  4-phosphate/1-deoxy-D-xylulose-5-phosphate) route  (Kesselmeier  and 
Staudt,  1999  and  references  therein).  These  independent  pathways  take  place  in 
different  cell  compartments  –  monoterpenes  are  synthesised  in  plastids  whereas 
sesquiterpenes are synthesised within the cytosol (ibid.).
Monoterpenes  are  known  to  be  the  main  constituents  of  essential  oils  that  are 
produced and stored in secretory plant organs such as glandular trichomes, oil glands 
and  resin  ducts.  Conifers  and  numerous  other  plant  families  such as  Lamiaceae 
(Labiate  family),  Apiaceae  (Umbel  family),  Rutaceae  (Rue  familiy),  Myrtaceae 
(Myrtle family) and Asteraceae (Sunflower family) can store and emit monoterpenes. 
4
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It is believed that their emissions are connected to the plant’s defence mechanisms, 
such as acting as a repellent against insects or as pheromones. Moreover, numerous 
factors  affect  monoterpene  emissions  such  as  injuries,  environmental  stress, 
temperature, light intensity, seasons and the stages of plant development. In 1995, 
Guenther et al. estimated global BVOC emissions to be 1150 TgC, which still serves 
as a basis for current  estimates of natural VOC emissions.  In comparison, global 
anthropogenic  VOC  emissions  represent  a  much  smaller  contribution  and  are 
estimated to be approximately 142 Tg C per year  (Goldstein and Galbally, 2007). 
Large  uncertainties  exist  for  the  estimation  of  both  anthropogenic  and  natural 
emissions as these numbers heavily rely on the available emission inventories, which 
are also uncertain.
The C10H16 monoterpene skeleton contains one or more C=C double bond(s). This 
explains its high reactivity against atmospheric oxidants such as ozone, OH and NO3 
radicals. Their chemical lifetimes vary from monoterpene to monoterpene, although 
they are typically a few hours (Table 1-1) to a day.
Table 1-1. Calculated lifetimes for selected monoterpenes (taken from Atkinson and 
Arey, 2003).
Lifetime due to reaction with
BVOC O3 a OH b NO3 c
α-pinene 4.6 h 2.6 h 11 min
β-pinene 1.1 day 1.8 h 27 min
limonene 2 h 49 min 5 min
camphene 18 days 2.6 h 1.7 h
a assumed O3 concentration: 7 x 1011 molecules cm-3 (24 h average)
b assumed OH concentration: 2 x 106 molecules cm-3 (12 h daytime average)
c assumed NO3 concentration: 2.5 x 108 molecules cm-3 (12 h nighttime average)
1.3 Atmospheric Oxidants
VOCs emitted into the atmosphere are mainly degraded by reactions with O3, OH 
and  NO3 radicals.  Radicals  are  atoms  or  molecules  with  at  least  one  unpaired 
electron,  which  accounts  for  their  high  reactivity.  The  OH  radical  is  the  most 
important atmospheric radical during the daytime, whereas the NO3 radical reaches 
only significant concentrations during the nighttime. The following section briefly 




OH radicals  in  remote  regions  are  mainly  generated  via  photolysis  of  O3 to  the 





Additional  sources  of  OH radicals  exist  in  anthropogenically  influenced  regions. 
These include the photolysis of gaseous nitrous acid (HONO) and hydrogen peroxide 
(H2O2),  the reaction of HO2 radicals with NO and the ozonolysis of alkenes. The 
global mean concentration of OH radicals is approximately 1 x 106 molecules cm-3 
(Seinfeld and Pandis, 2006), with a lifetime of less than one second. 
NO3 radical
The NO3 radical results from the reaction of nitrogen dioxide with O3 (see R-8) 
(R-8)
The NO3 radical usually plays a significant role in nighttime chemistry due to its fast 
photolysis during the daytime (see R-9a and R-9b). Under some conditions, the NO3 
radical can be observed in the daytime such as in polluted areas. Although the NO3 
radical is generally less reactive than the OH radical towards VOCs, it can compete 





Tropospheric ozone is mainly produced from photolysis of NO2 and a subsequent 
reaction between an O(3P) atom and an O2 molecule (see R-10 and R-11). 
(R-10)
(R-11)
An additional source of tropospheric ozone is the intrusion of O3-rich stratospheric 
air. Ozone has a sufficiently long lifetime and can be transported far away from its 
region  of  origin.  This  makes  O3 to  an  important  oxidant  in  both  daytime  and 
6
O3 + hv ( λ = 310 nm ) → O ( D
1 ) + O2
O ( D1 ) + H 2O → 2 OH
O ( D1 ) + M → O ( P3 )
O3 + NO2 → NO3 + O2
NO3 + hv → NO2 + O ( P
3 )
→ NO2 + O2
O ( P3 ) + O2 →
M O3
NO2 + hv ( λ≤ 420 nm ) → NO + O( P
3 )
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nighttime chemistry. The concentration of ozone depends largely on the altitude and 
can  vary  geographically  and  temporally  depending  on  the  influences  of 
anthropogenic sources. While anthropogenic emissions are responsible for elevated 
levels  of  NO2,  natural  processes  also  release  a  small  amount  of  NO2,  which 
contributes  to  background  O3 levels  in  remote  regions.  The  mixing  ratio  of 
background O3   ranges from approximately 20 to 45 ppb (Vingarzan, 2004) in the 
Northern Hemisphere and can reach hundreds of ppb in highly polluted megacities 
such as Beijing and Mexico City (Molina and Molina, 2004). Numerous sinks for 
tropospheric ozone exist, including chemical reactions, and dry and wet deposition. 
As shown in Figure 1-3, the ozone budget in the troposphere is strongly coupled with 
the NOx (NOx = NO + NO2) and HOx (HOx = OH + HO2) cycles.
Figure 1-3. Scheme for tropospheric ozone chemistry and its coupling with the HOx 
and NOx cycles (taken from Jacob, 2000). 
[Reprinted from Atmos. Environ., 34, Jacob, Heterogeneous chemistry and tropospheric ozone, 2131-
2159, Copyright 2000, with permission from Elsevier]
Once ozone is formed, it can readily react with NO, reforming NO2 (see R-12). 
(R-12)
As shown in reactions (R-10), (R-11) and (R-12) a photochemical equilibrium exist 
between NO, NO2 and O3. Consequently, this reaction chain is a null cycle for ozone 
as  it  is  neither  destroyed nor formed overall.  Efficient  ozone formation can only 
occur if NO is oxidised to NO2 by other oxidants that do not simultaneously consume 
O3. The reactions of hydroperoxy (HO2) and organic peroxy (RO2) radicals with NO 
are of this kind (see R-13 and R-14).
(R-13)
7
O3 + NO → NO2 + O2
HO2 + NO → NO2 + OH
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(R-14)
HO2 and RO2 radicals result from the reaction of OH radicals with CO and VOCs. 
They are reactive and undergo a fast reaction with NO leading to NO2. The following 
NO2 photolysis results in ozone formation and NO becomes available again to react 
with  HO2 and  RO2 radicals.  Therefore,  NOx,  CO  and  VOCs  are  called  ozone 
precursors. 
The  ozone  concentrations  do  not  increase  immensely  because  effective  ozone 
removal processes exist in the troposphere. Such processes include photochemical 
reactions (see R-5), reactions with alkenes or reactions with OH (see R-15) and HO2 
radicals (see R-16) under low NOx conditions.
(R-15)
(R-16)
The comparison of O3 levels with those of over a century ago indicates that rural O3 
concentrations  have  increased  by  a  factor  of  two  in  the  Northern  Hemisphere 
(Vingarzan, 2004). Although current O3 trends are not uniform, a steep rise has been 
observed over the last few decades and is projected to increase further (ibid.). Since 
ground-level O3 is harmful to humans and plants, the ambient air quality standards 
for pollutants often set a target value for O3. For example, the European Union (EU) 
sets an O3 target  value of maximum 120 µg m-3 as an 8 hour average, not to be 
exceeded by more than 25 days per calendar year and averaged over 3 years.
1.4 Atmospheric VOC Oxidation
The contribution of single oxidants to atmospheric VOC degradation depends on the 
VOC molecular structure and their and the oxidant’s concentration. Reactions with 
O3  are possible for compounds containing a C=C double bond and can be important 
for both daytime and nighttime VOC oxidation. Similar to O3, oxidations with OH 
and NO3 radicals  proceed through a cascade of radical  production steps with the 
following  key  species:  alkyl  radicals  (R),  alkoxy  radicals  (RO)  and  alkylperoxy 
radicals  (RO2).  Regardless  of  the  initial  oxidation  step,  these  radicals  drive 
subsequent  gas-phase  reactions.  As shown in  Figure  1-4,  the  alkyl  radicals  react 
readily  with  oxygen,  forming  RO2 radicals  that  play  an  important  role  in  the 
production of low volatile compounds (Kroll and Seinfeld, 2008).
8
RO2 + NO → NO2 + RO
O3 + OH → HO2 + O2
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Figure 1-4. Simplified scheme for the oxidation pathways of VOCs (taken from Kroll 
and Seinfeld, 2008).
[Reprinted from Atmos. Environ., 42, Kroll and Seinfeld, Chemistry of secondary organic aerosol: 
Formation and evolution of low-volatility organics in the atmosphere,  3593-3624, Copyright 2008, 
with permission from Elsevier]
For example, in anthropogenically influenced regions where NO concentrations are 
high, RO2 radicals predominantly react with NO, thus forming RO and NO2, and to a 
lesser extent, organic nitrate compounds. Other possible reactions include reactions 
with  NO2 or  NO3.  Under  NO-free  conditions,  the  only  options  for  RO2 are 
recombination with RO2 or reactions with HO2 radicals. These reactions can proceed 
via a number of different pathways including the formation of alkoxy radicals (RO) 





The formation of organic peroxides (see R-19) is favoured by large RO2 radicals, 
which are likely to have a low volatility (Ziemann, 2002). As Kroll and Seinfeld 
(2008) pointed out,  most  laboratory studies are likely biased towards RO2  + RO2 
reactions  because  of  high  hydrocarbon  concentrations,  hence  high  RO2 
concentrations. In these laboratory studies, the RO2/HO2  ratio can be more than 100 
times higher (as modelled by Jenkins (2004)) than ambient concentrations at  low 
NOx conditions (e.g. Stevens et al., 1997; Hanke et al., 2002; Mihelcic et al., 2003).
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1.4.1 The Reaction of Alkenes with O3
In the present study, the reaction of monoterpenes with O3 is studied under low NOx 
conditions. While the reaction of monoterpenes with O3  has been investigated for 
decades, the mechanisms leading to multifunctional low vapour pressure compounds 
are still not well understood. 
Here, a general reaction mechanism of the ozonolysis is illustrated using a simple 
alkene. The initial step leads to the formation of an energy-rich primary ozonide that 
rapidly decomposes, forming a Criegee intermediate (CI) and a carbonyl compound 
(see R-20). The CI is also known as a carbonyl oxide. Depending on the molecular 
structure of the precursor alkene, the bond cleavage in the primary ozonide leads to 
different CIs and carbonyl compounds. 
(R-20)
The  CIs  are  formed  with  an  excess  energy  and  have  syn and  anti conformers 
(Figure 1-5).  They are  bi-radicals,  but  may feature  more  a  zwitterionic  character 
(Finlayson-Pitts and Pitts, 1999). The further reactions of the Criegee intermediates 
proceed  via  1)  unimolecular  rearrangement/decomposition  and  2)  collisional 
stabilisation. 
Figure 1-5. An example of Criegee intermediates with syn and anti configurations.
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The unimolecular  rearrangement  can occur  via  three different  pathways:  (1a)  the 
ester channel, (1b) the hydroperoxide channel and (1c) O-atom elimination. The ester 
and the hydroperoxide channels are the most important pathways and explain the 
production of free radicals.
(1a) Ester Channel/“Hot Acid” Channel
Depending on the structure of the CI, an isomerisation leads to the production of 
energy-rich esters or acids. As shown in reaction (R-21), an acid can only be formed 
if R2 is an H-atom. The formed esters or acids readily decompose due to their high 
internal energy, and form various products such as other radicals and stable products 
(e.g., alkanes, CO, CO2, ether).
(R-21)
(1b) Hydroperoxide Channel
The formation of OH radicals in alkene ozonolysis is believed to originate from a 
hydroperoxide  intermediate  followed  by  an  O-OH  bond  breakage.  As  shown  in 
(R-22),  the  CI  can  isomerise  via  a  five-membered  transition  state  to  an  excited 
vinylhydroperoxide,  which  can  decompose  to  yield  OH and  a  vinyloxyl  radical 
(Calvert et al., 2000).
(R-22)
The  production  of  OH  radicals  from  the  ozonolysis  of  alkenes  is  important  in 
nighttime chemistry when no photochemical sources of OH exist. The yields of OH 
radicals  from  monoterpenes  were  measured  to  be  0.68  -  0.91  for  α-pinene  and 
0.24 - 0.35 for β-pinene (Atkinson et al., 1992; Chew and Atkinson, 1996; Paulson et 
al., 1998; Rickard et al., 1999; Siese et al., 2001; Aschmann et al., 2003; Berndt et 
al., 2003). An OH scavenger is often used in laboratory ozonolysis studies on SOA 
formation in order to investigate the SOA chemistry intrinsic to the alkene ozone 
reaction.  The hydroperoxide channel  has also been proposed for the formation of 
hydroxycarbonyl and/or dicarbonyl compounds (Grosjean et al., 1994).
11
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(1c) O-Atom Elimination Channel
The  CI  can  also  dissociate  and  form  a  ground-state  oxygen  atom  O(3P)  and  a 
carbonyl compound (see R-23). This pathway is negligible for small alkenes. For 
α-pinene  this  channel  accounts  for  approximately  3%  of  estimated  O(3P)  yield 
(Alvarado et al., 1998a).
(R-23)
(2) The collisional stabilisation with surrounding molecules such as N2 or O2 leads to 
the formation of the Stabilised Criegee Intermediate (SCI) as shown in (R-24). 
(R-24)
The SCI can undergo bimolecular reactions, as well as unimolecular decomposition. 
Accordingly, the SCI can react with water vapour or organic compounds such as 
carbonyl compounds, alcohols and carboxylic acids. The reaction between water or 
water clusters and the SCI is thought to be the most important in the atmosphere 
(Hasson et al., 2003; Orzechowska and Paulson, 2005a; Bonn et al., 2002, Johnson 
and  Marston,  2008;  Anglada  et  al.,  2011).  This  reaction  is  believed  to  form an 
α-hydroxy-hydroperoxide  (see  R-25)  that  can  decompose  to  form  numerous 
products, e.g., a carbonyl compound and H2O2 (see R-25) or a carboxylic acid and 
water (see R-26). Other pathways have been proposed to produce OH radicals such 
as  in  reactions  (R-27)  and  (R-29).  OH production  can  proceed  either  through  a 
cyclo-addition of water (see R-27) or in a water-catalysed H migration (see R-29). 
According to Anglada et al. (2002), the water-catalysed channel is not possible for a 
SCI with an α-H in syn position. Another pathway for the α-hydroxy-hydroperoxide 








The SCI can also react with carbonyl compounds and form a secondary ozonide (see 
R-30). 
(R-30)
This reaction might occur when the ozonolysis is carried out in the liquid phase or 
when higher molecular weight alkenes are condensed on surfaces (Finlayson-Pitts 
and Pitts,  1999). A close proximity between the SCI and the carbonyl compound 
might  facilitate  a  recombination  to  form  the  secondary  ozonide  (SOZ).  In  the 
gas-phase, where the products of the decomposed CI drift apart rapidly, a SOZ does 
not form at a significant level. Rather, SOZ formation can only be observed when 
very high concentrations are used or when high amounts of carbonyl compounds are 
added to scavenge the CI (Finlayson-Pitts and Pitts, 1999). 
In the present study, only moderate concentrations of VOCs have been used in order 
to exclude the formation of SOZ.
1.4.2 Carbonyl Compounds
Carbonyl compounds are ubiquitous in the atmosphere. They have both primary and 
secondary sources and are involved in several atmospheric processes such as phase 
transfer  and  oxidation  processes,  in  addition  to  being  sources  of  free  radicals. 
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Primary emissions include incomplete combustion and to a smaller extent, release by 
plants. Their most important source is their formation as intermediates during the 
atmospheric degradation of organic compounds such as alkanes, alkenes, aromatic 
compounds,  isoprene  and  monoterpenes.  The  resulting  carbonyl  compounds  are 
reactive and are further degraded mainly by photolysis  and/or reactions with OH 
radicals (Atkinson, 1994). This leads to the formation of a series of free radicals, 
wherein subsequent reactions are connected to photochemical smog in urban areas.
The photolysis of carbonyl compounds occurs from the near ultraviolet onwards and 
can proceed via different types of reactions that depend strongly on the structure of 
the precursor compound (Carlier et al., 1986). In the photo-cleavage reaction via the 
NORRISH type-I process, the carbonyl compounds dissociate into two radicals via 
the cleavage of the C-C bond between the carbonyl- and the α-C-atom (see R-31).
(R-31)
The  intramolecular  NORRISH  type-II  reaction  proceeds  via  C-C  bond  cleavage 
between the  α- and  β-C-atom. This reaction results  in the formation of a smaller 
ketone and an alkene. As shown in reaction (R-32) the γ-hydrogen atom is abstracted 
during this process. 
(R-32)
Aldehydes can also photolyse to lose CO (see R-33).
(R-33)
The products of the NORRISH type I process (see R-31) are rapidly converted into 
HO2 and  OH  radicals  -  as  demonstrated  by  the  free  radicals  formed  from  the 
formaldehyde  photolysis  (see  R-34  and  R-35)  -  and  are  particularly  important 
(Carlier et al., 1986 and references therein).
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Reactions with OH radicals are the predominant degradation process for higher Mw 
carbonyl compounds. In the case of aldehydes, the H-abstraction occurs at the weak 
aldehydic H-atom (see R-36).
(R-36)
Subsequent  reactions include those described in section  .  A peroxyacyl radical  is 
produced via the following reaction with oxygen (R-37).
(R-37)
For ketones, the reaction with OH radicals proceeds via the H-abstraction mechanism 
as shown in reaction (R-38).
(R-38)
The formed acyl peroxy radical from (R-38) and the peroxyacyl radical from (R-37) 
can react further with NO (R-39 and R-41). The reaction products from aldehydes 





HCO + O2 → HO2 + CO
HO2 + NO → OH + NO2
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(R-42)
Furthermore, the peroxyacyl radical can also react with NO2, leading to peroxyacyl 
nitrates (PAN) (see R-43) that are known respiratory and eye irritants.
(R-43)
Carbonyl  compounds  are  also  removed  from  the  atmosphere  by  dry  and  wet 
deposition.  Their  persistence  in  the  troposphere  varies  depending  on  their 
concentrations,  reactivity  and  removal  processes.  For  example,  the  atmospheric 
lifetime of formaldehyde is only several hours for photolysis and about 1.2 days for 
the  OH reaction.  On  the  other  hand,  acetaldehyde  has  a  lifetime  of  6  days  for 
photolysis and 9 hours for the OH reaction (Atkinson, 2000).
Carbonyl compounds can also react with other atmospheric oxidants such as NO3 and 
HO2 radicals. Detailed studies of carbonyl compounds with HO2 or NO3 radicals are 
rare and are only available for a limited number of compounds. The reaction between 
organic compounds and HO2 radicals is usually relatively slow at room temperature 
(Finlayson-Pitts and Pitts, 1999), but a sufficiently rapid reaction has been reported 
for formaldehyde. In this way, an hydroxy-peroxy radical is formed (R-44) and it can 




Carbonyl compounds occur in various environmental media and their simultaneous 
determination in different phases provides more information about their distribution 
and  fate  in  the  environment.  In  the  atmosphere,  they  can  contribute  to  particle 
formation and aerosol growth due to the formation of oligomers, organosulfates and 
hemiacetals/acetals (see review by Hallquist et al., 2009 and references therein). It is 
suggested  that  these  heterogeneous  reactions  (Figure  1-6)  may  explain  the 
observation  that  increasing  particle  acidity  leads  to  enhanced  SOA formation  in 
laboratory experiments. 
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OOCH 2 OH + NO → OCH 2 OH + NO2
OCH 2OH + O2 → HCOOH + HO2
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Figure  1-6.  Possible  heterogeneous  reactions  between  carbonyl  compounds  in 
particles (taken from Jang et al., 2002).
[Science 298, Jang et al., Heterogeneous atmospheric aerosol production by acid-catalyzed particle-
phase reactions, 814-817, Copyright 2002. Reprinted with permission from AAAS]
Other  chemical  transformations  that  lead  to  SOA  formation  from  carbonyl 
compounds are reactions with ammonia, amines and amino acids that form nitrogen-
containing oligomers (Galloway et  al.,  2009;  Nozière et  al.,  2009; Shapiro et  al., 
2009; De Haan et al., 2009a,b, 2011; Sareen et al., 2010; Wang et al., 2010; Yu et al.,  
2011; Qiu et al., 2011). These processes show the importance of carbonyl compounds 
in  aerosol  formation,  hence  the  need  for  reliable  and  accurate  measurement 
techniques to improve our understanding of SOA formation.
Analysis of Carbonyl Compounds
Due to the broad range of physical and chemical properties of carbonyl compounds, 
several  sampling  and  analytical  techniques  have  been  developed  for  their 
determination  and  quantification.  For  some  compounds,  these  include  highly 
time-resolved direct spectroscopic methods. Common spectroscopic methods include 
Tunable Diode Laser Spectroscopy (TDLAS) (Fried et al., 2008; Sauer et al., 2003), 
Differential Optical Absorption Spectroscopy (DOAS) (Platt et al., 1979; Winer and 
Biermann, 1994),  Fourier Transformation Infrared Spectroscopy (FT-IR) (Jones et 
al.,  2009) and remote sensing methods using satellite-based spectroscopic sensors 
(Stavrakou et al., 2009a,b; Wittrock et al., 2006). Formaldehyde-specific techniques 
include Laser Induced Fluorescence (Hottle et al., 2009), fluorimetric methods based 
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on the Hantzsch reaction (Kelly and Fortune, 1994; Dasgupta et al., 1988) and an 
enzymatic  method  (Lazrus  et  al.,  1988).  Intercomparison  measurements  can  be 
found, for example, in Hak et al. (2005) and Wisthaler et al. (2008). On-line methods 
that utilise specific ionisation techniques prior to mass spectrometric (MS) detection 
have  also  been  applied.  Such  techniques  include  atmospheric  pressure  chemical 
ionisation MS (APCI-MS) (Warscheid and Hoffmann, 2001; Warscheid et al., 2003), 
selected  ion  flow tube  MS (SIFT-MS) (Wang et  al.,  2004;  Schoon et  al.,  2004), 
chemical ionisation MS (CIMS) (Sellegri et al., 2005) and proton transfer reaction 
MS  (PTR-MS)  (Wisthaler  et  al.,  2001;  Maleknia  et  al.,  2007).  The  absence  of 
complicated sample preparation procedures is one of the advantages of the on-line 
MS  techniques,  although  they  require  detailed  characterisation  of  ionisation 
efficiency to accurately quantify the target compounds. Furthermore, these on-line 
techniques are  unable to separate isobaric isomers (e.g.,  methyl  vinyl  ketone and 
methacrolein, both C4H6O), thus hindering the positive identification of molecules. 
More frequently, off-line methods that utilise some sort of gas collection technique 
are used, followed by pre-concentration, derivatisation, chromatographic separation 
and detection by spectroscopic (e.g., UV) or mass spectrometric methods. The most 
common analytical methods involve GC and HPLC techniques. Polar, reactive and 
volatile carbonyl compounds are better detected by applying derivatisation methods 
that increase light absorption (commonly UV) and/or ionisation efficiency. Among 
the various derivatisation reagents available for carbonyl compounds (see review by 
Vogel et al., 2000), hydrazine-based substances such as 2,4-dinitrophenylhydrazine 
(DNPH) are the most common. DNPH forms stable hydrazones with many carbonyl 
compounds under acidic conditions that have high UV absorption and can be easily 
separated  by  HPLC.  Another  commonly  used  derivatisation  reagent  is  the 
O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine  hydrochloride  (PFBHA)  that  forms 
volatile oxime derivatives and can be separated and analysed by GC-MS.
1.5 Atmospheric Aerosol
By definition, aerosol is a suspension of liquid droplets or solid particles in a gas. In 
atmospheric science, the term “aerosol” is often falsely referred to only the particles. 
These particles can be emitted directly into the atmosphere (primary particles) or can 
be formed by chemical reactions (secondary particles). Depending on the origin of 
the aerosol, it can be classified as biologically or anthropogenically emitted particles. 
Natural sources of aerosols include pollen, spores and fungi, as well as sea spray, soil 
erosion and volcanic  eruptions,  among others.  Anthropogenic sources include  the 
combustion of fuel, the burning of biomass and industrial processes. The contribution 
of  SOA (secondary  organic  aerosol)  to  the  overall  atmospheric  particle  burden 
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remains uncertain, although it is believed to play an important role in the Earth’s 
climate  system (IPCC,  2007).  The relative  importance  of  primary  and secondary 
aerosols  largely  depends  on  geographical  locations  and  the  influence  of  local 
anthropogenic or biological activities. Although atmospheric particles take on a wide 
variety of shapes, they are often assumed to be spherical for convenience and are 
expressed in an effective radius or diameter (Finlayson-Pitts and Pitts, 1999). The 
most commonly used aerodynamic diameter is defined as the diameter of a particle 
that has the equivalent aerodynamic behaviour of a spherical particle with a density 
of 1 g cm-3. This is a useful parameter because it determines the residence time in the 
air (ibid.). The atmospheric lifetime of aerosols is within the range of a few hours to 
a few weeks,  depending on the particle properties and meteorological  conditions. 
Important  particle  properties  include  size  distribution,  particle  number  and  mass 
concentrations, as well as chemical and physical properties. Such properties affect 
the aerosol’s impact on climate and health – they can scatter and absorb radiation, 
affect cloud nuclei and thus, influence precipitation. Particles are also associated with  
adverse health effects due to the respirability of particles smaller than 10  μm. The 
range of aerosol size is divided into coarse particles (Dp > 2 μm) and fine particles 
(Dp < 2 μm) and is further classified in terms of formation processes (see Figure 1-7).
Figure  1-7. Size distribution, sources and sinks of atmospheric aerosol (taken from 
Finlayson-Pitts and Pitts, 1999).
[Reprinted  from  Academic  Press,  Finlayson-Pitts  and  Pitts,  Chemistry  of  the  upper  and  lower 
atmosphere:  Theory, experiments and applications,  Chapter  9:  Particles in the troposphere,  p 355,  
Copyright 1999, with permission from Elsevier]
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Organic compounds represent  a significant fraction of ambient  fine particle  mass 
(e.g., Zhang et al., 2007; Jimenez et al., 2009). This is demonstrated in Figure 1-8, 
which  presents  the  bulk  chemical  information  for  fine  particles  obtained  from 
Aerosol Mass Spectrometers (AMS). Oxygenated organic aerosol (OOA) dominates 
a large fraction of fine particle organic mass, apart from a few urban locations where 
primary  organic  aerosol  emissions  are  important.  The identification of  individual 
organic compounds that contribute to atmospheric fine particles remains challenging. 
Even the organic fraction comprises between 20 and 90% of a fine particle mass, 
only 10 to 30 % of its mass can be elucidated at the molecular level (Simoneit et al.,  
2004; Fu et al., 2008). Spectroscopic evidence suggests that fine particles contain a 
wide variety of organic molecules such as alcohols, carbonyl compounds, carboxylic 
acids  and  hydrocarbons  (Russell  et  al.,  2011),  and  the  unidentified  fraction  is 
suggested to be a mixture of compounds that are further oxidised to have multiple 
function groups and higher molecular weight compounds. 
Figure 1-8. AMS measurements of ambient aerosol representing non-refractive PM1 
(taken from Jimenez et al., 2009). 
[Science 326, Jimenez et al., Evolution of organic aerosols in the atmosphere, 1525-1529, Copyright 
2009. Reprinted with permission from AAAS]
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1.6 Secondary Organic Aerosol (SOA)
Secondary aerosol is formed from the oxidation of precursor gases by ozone, OH and 
NO3  radicals. The precursor gases are converted to lower volatility compounds that 
can nucleate or condense on pre-existing particles, and particle formation and growth 
will  occur,  along with  some  coagulation.  Other  processes  involve  gas-to-particle 
partitioning,  reactions  of  gaseous  species  on  the  particle  surface  or  chemical 
transformations in the particle bulk phase.
Semivolatiles are compounds with a vapour pressure between 10-5 and 10-11 atm at 
ambient temperature (Goldstein and Galbally, 2007). They can partition between the 
gas and condensed phases, while mass transfer to the particle-phase can occur even 
below saturation. The process of adsorptive partitioning can be described with the 
equilibrium partitioning coefficient, Kp,i (Pankow, 1994):
(Eq-1)
where Fi,om refers to the mass concentration of the compound i with its concentration 
in  the  particle-phase  and  Ai in  the  gas-phase,  and  TSP is  the  total  suspended 
particulate  matter.  The  ideal  gas  constant  R,  temperature  T,  the  absorptive  mass 
fraction of the PM and the average molar mass MWom of the absorbing matter enter 
into the equation as well as the activity coefficient ζi and the vapour pressure p0i of 
the pure compound i. When only the absorbing organic material (Morg) is considered, 
the equation is: 
(Eq-2)
The equation (Eq-2) shows that if more organic material is present, more volatile 
species will be transferred into the particle-phase at equilibrium. 
SOA formation is complex and many uncertainties still exist regarding the involved 
species  and  their  exact  formation  pathways.  Odum  et  al.  (1996)  developed  a 
simplified  approach  and  assumed  the  production  of  two  species  with  one  being 
semivolatile  and  the  other  having  a  low  volatility.  These  two  product  types  are 
considered representatives for the numerous compounds that are formed during VOC 
oxidation. Both compounds are represented by a stochiometric coefficient (αi) and a 
partitioning coefficient (Ki,om), respectively. This approach enables a parameterisation 
of SOA formation from laboratory experiments where the resulting aerosol yield, Y, 
can be described using the following equation:
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Based  on  the  equation  (Eq-3),  the  SOA yield  is  proportional  to  Morg when  the 
available organic mass is small, or if the partitioning coefficients are small. When the 
organic mass or the partitioning coefficients are high, the aerosol yield depends only 
on the sum of αi. 
This two-product model developed by Odum et al. (1996, 1997) is widely used for 
SOA modelling  with  the  following assumptions:  1)  The  two  simplified  products 
adequately  represent  the  complex  mixture  of  SOA  species;  2)  mixing  in  the 
particle-phase  is  ideal;  3)  the  average  molar  mass,  MWom,  does  not  change with 
particulate composition and 4) water does not participate  in or affect partitioning 
(Pankow, 2011). However, since knowledge of the molecular composition of SOA is 
limited, the best estimate for  MWom remains highly uncertain. In this context,  the 
formation of higher molecular weight compounds also introduces a high uncertainty. 
Higher molecular weight compounds, likely formed during accretion reactions, were 
detected in numerous laboratory studies (Gao et al., 2004a,b; Iinuma et al., 2004; 
Kalberer  et  al.,  2004;  Tolocka  et  al.,  2004).  This  shows  that  the  SOA is  not a 
non-reactive medium and that particle-phase heterogeneous reactions are important 
for SOA formation. 
To complement the two-product model, another approach has been developed using 
the  volatility  basis  set  (VBS)  (Donahue  et  al.,  2006).  In  this  model,  the  formed 
products are classified into several volatility bins. The VBS spans a larger range of 
atmospheric conditions than the two-product model and accounts for partitioning, 
dilution and chemical ageing. 
The global SOA has been estimated using the two-product model (e.g., Griffin et al., 
1999c;  Chung  and  Seinfeld,  2002),  the  VBS (e.g.,  Farina  et  al.,  2010),  detailed 
chemistry (Derwent et al., 2003; Bonn and Lawrence, 2005) and C-budget analysis 
(Goldstein  and  Galbally,  2007).  Overall,  global  models  underestimate  SOA 
formation and show high variability in predicted mass. The most likely explanations 
for  such  variability  are  missing  SOA  precursors,  unaccounted  SOA  formation 
mechanisms  and  different  time  scales  of  oxidation  processes  when  comparing 
laboratory investigations and ambient conditions.
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1.7 Objectives
The present  study intends to  improve the knowledge about  chemical  species and 
processes  leading  to  SOA formation  in  the  atmosphere.  To  this  end,  a  series  of 
monoterpene ozonolysis experiments are performed using an indoor aerosol smog 
chamber.  The  present  study  emphasises  the  following  points:  (i)  comprehensive 
chemical characterisation of oxidation products bearing carbonyl groups in the gas- 
and  particle-phase  to  make  predictions  for  aerosol  formation  processes;  (ii) 
identifying specific biogenic SOA tracer compounds containing carbonyl compounds 
in  both  aerosol  chamber  samples  and  ambient  samples  using  High  Performance 
Liquid Chromatography Electrospray Ionisation Time-of-Flight Mass Spectrometry 
(HPLC/ESI-TOFMS); (iii) gaining more insights into the mechanisms leading to the 
formation of  semivolatile  and low-volatile  oxidation products from the gas-phase 
ozonolysis of monoterpenes; (iv) examining the impact of an HO2/RO2 ratio on the 
aerosol formation during the monoterpene ozonolysis; (v) investigating the formation 
of reactive intermediates from rearrangement reactions of monoterpene oxides and 
their SOA-forming potential in the presence of ozone. 
To  achieve  these  goals,  the  present  study  applies  a  combination  of  analytical 
techniques: (i) a liquid chromatographic method for the separation and detection of 
carbonyl-hydrazone compounds using a high resolution mass spectrometer (HPLC/
(-)ESI-TOFMS); (ii) an optimised derivatisation method for the analysis of higher 
Mw carbonyl  compounds  that  originate  from  monoterpene  oxidation;  (iii)  an 
improved denuder sampling technique for the trapping of atmospherically relevant 
carbonyl  compounds;  (iv)  Gas Chromatography-Mass Spectrometry (GC/MS) and 
Proton Transfer Reaction-Mass Spectrometry (PTR-MS) measurements to compare 




The  present  study  employs  several  experimental  techniques  to  examine  SOA 
formation and the resulting oxidation products. The following sections describe these 
techniques. 
2.1 Smog Chamber Facility (Leipziger Aerosol Kammer, LEAK)
Aerosol chambers, such as the Leipziger Aerosol chamber LEAK, are suitable tools 
for simulating atmospheric oxidation processes. Chamber experiments are often used 
to  study  the  influence  of  certain  reaction  parameters  on  the  aerosol  formation. 
Depending on the  analytical  equipment  that  is  connected  to  the  chamber  facility 
effects on the physical and chemical properties of the formed aerosol can be derived. 
The LEAK aerosol chamber is a cylindrical PTFE (Polytetrafluoroethylene) reactor 
(see Figure 2-1). It has a volume of 19 m3 with a surface to volume ratio of 2.1 m-1. 
The chamber is surrounded by an aluminium housing to insulate the chamber.
Figure 2-1. Instrumentation of the “Leipziger Aerosol Kammer” (LEAK).
Different kinds of UV lamps are installed inside the aluminium housing that can be 
used  for  photo-oxidation or  photolysis  experiments.  Two lamps emit  light  in  the 
range of UV-A radiations (Osram EVERSUN® Super and the black lights by Philips 
TL-D 36W BLB Hg). Furthermore, UV-C lamps are installed for light emission at 
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254 nm (UV-Strahler 30W, UMEX GmbH). The chamber is constantly flushed with 
purified synthetic air before and after each experiment. The relative humidity (RH) 
can be varied between 1 and 85%, and the temperature between 17 and 28°C. 
Several measurement systems are installed for on- and off-line analysis of the gas- 
and  particle-phases.  The  on-line  techniques  provided  highly  time-resolved 
measurements throughout the course of the experiment. Such techniques include the 
Tandem Differential Mobility Particle Sizer (TDMPS) for particle size-distribution 
measurements  (see  section  2.3.1),  Proton  Transfer  Reaction  Mass  Spectrometry 
(PTR-MS)  for  VOC  and  Oxygenated  Volatile  Organic  Compounds  (OVOC) 
determination (see section 2.2.1), and finally, the trace gas-analyzers for ozone and 
NOx measurements.  Furthermore,  a  cryo-focusing  gas  chromatography  mass 
spectrometer  that  can  also  provide  structural  information  about  the  gas-phase 
oxidation  products  is  installed  for  VOC and  OVOC analysis  (cryo  GC/MS,  see 
section 2.2.2). Off-line analysis requires the collection of gaseous and/or particulate 
compounds, which can be analysed in detail by a suite of analytical techniques. A 
denuder/filter sampling technique (see section 2.2.3) is used for the off-line analysis 
of gas- and particle-phase oxidation products. One goal of this study is to analyse 
semivolatile carbonyl compounds that can partition between the gas- and particle-
phases. Carbonyl compounds are important intermediates during VOC oxidation. A 
conversion  into  non-volatile  derivatives  can  enable  their  reliable  determination. 
Therefore, the use of 2,4-dinitrophenylhydrazine-coated denuders were characterised 
in detail to sample and analyse higher molecular weight carbonyl compounds that 
resulted from the monoterpene oxidation.  The sampling technique was applied to 
different chamber studies to investigate monoterpene ozonolysis and their oxidation 
products.
2.2 Gas-Phase
2.2.1 Proton Transfer Reaction-Mass Spectrometry (PTR-MS)
The PTR-MS uses a chemical ionisation technique with H3O+ to measure volatile 
compounds with a high time resolution. This technique is currently used in numerous 
research  areas  such  as  environmental  sciences,  pharmaceuticals  and  the  food 
industry. Various VOCs can be protonated by this ionisation technique (see R-47) if 
they have a higher proton affinity of water (691 kJ mol-1). 
(R-47)H 3O
+ + R → RH+ + H 2 O
26
2 Methodology
An advantage of such a soft ionisation technique is the relatively lower degree of the 
fragmentation  of  analytes  compared  to  techniques  that  use  electron  impact  or 
photoionisation,  for  example.  Other  advantages  of  this  on-line  technique  are  the 
detectability of oxygenated VOCs and the fact that no sample preparation procedure 
is required, which is usually labour intensive. Problems occur when isobaric isomers 
cannot be discriminated in the instrument, which hinders their structural elucidation 
and quantification. 
The commercially available instrument—IONICON Analytics, Innsbruck—consists 
of three main components (Figure 2.2):
1) The ion source in which the H3O+ ions are formed from a constant flow of 
water vapour by an hollow cathode discharge. 
2) The drift tube in which the formed H3O+ reacts with the gaseous analytes.
3) The  ion  detector  that  consists  of  a  quadrupol  mass  spectrometer  and  an 
electron multiplier.
Figure  2-2.  Configuration  of  the  PTR-MS  (Ionicon® Analytik,  Innsbruck) 
http://www.ptrms.com/technology/technology.html [used with permission].
Water  vapour  is  introduced  into  the  ion  source  by  a  flow  rate  between  6  and 
8 STP cm3 min-1, which is an optimum for minimising the formation of H3O+(H2O)n 
clusters. The water vapour is ionised by a hollow cathode discharge that produces the 
positive-charged ions, O+, H+, H2+, OH+ and H2O+ (see R-48 – R-51). Reactions (R-52 
– R-55) show that these ions undergo ion molecule reactions with further neutral 
water molecules in a small source drift to form the H3O+. 
(R-48)
(R-49)→ H+ + OH + 2 e−
H 2 O + e










The H3O+ is formed with a purity of approximately 99.5% (Lindinger et al., 1998a). 
NO+ (m/z 30) and O2+ (m/z 32) are impurities that can be formed in the source drift 
tube and are constantly monitored. 
The air sample is introduced into the PTR-MS via a capillary that is regulated by a 
needle valve. The inlet pressure in the drift tube is kept at a constant rate to avoid 
variations caused by changes in ambient conditions. The drift tube has a length of 
9.5 cm and a volume of 12.5 cm3 and can be heated, together with the inlet, up to 
353 K. A voltage is applied to the drift tube (Vdrift) to produce a homogeneous electric 
field.  The instrument’s detection unit  consists  of a quadrupol mass filter  (Balzers 
QS422), which is connected to a secondary electron multiplier (SEM) and is coupled 
with an ion count pre-amplifier (Pfeiffer CP 400). The SEM consists of a series of 
electrodes. A Pfeiffer Vacuum HV 420 supplies a voltage of 2.4 – 3.5 kV to the SEM, 
which is operated in the pulse counting mode. The pressure in the detection region is 
about 2 x 10-5 mbar and is required to maximise the free pathways of the ions and to 
minimise ageing of the SEM. The SEM is installed at a 90° angle to the axis of the 
quadrupol to prevent a large numbers of photons from reaching the multiplier, which 
would result in a high electron release and a poor signal-to-noise ratio. The pulses 
from the SEM are amplified and monitored at the CP 400. Count rates greater than 
3 x 106 pulse frequencies are too large to distinguish from the count rates of other 
ions. To prevent SEM saturation, the primary ion H3O+ signal is measured at the 18O 
isotope (H318O+, m/z 21). Since the 18O/16O ratio is ~ 0.2% (Gross, 2004), the H318O+ 
signal must be multiplied by 500 to obtain the H316O+ signal. A reduction in count 
rates also reduces the ageing of the SEM, which prolongs its application. The ratio of 
the electric field (E) and the buffer gas number density (N), referred to as the E/N 
ratio, should be kept between 120 and 140 Td (1 Td = 1 Townsend = 10-17 V cm2) 
(Lindinger et al., 2001). If the E/N ratio is too high, fragmentation can occur due to 
collision with neutrals in the drift tube (Ellis et al., 1976; Praxmarer et al., 1993). If  
the E/N ratio  is  too low,  then more water  clusters can form that may react  with 
→ H 2
+ + O + 2 e−
→ H 2O
+ + 2 e−
O+ + H 2 O → H 2 O
+ + O
H+ + H 2 O → H 2O
+ + H
H 2
+ + H 2 O → H 2O
+ + H 2
H 2 O




neutrals  during  proton  transfer.  These  so-called  “switching  reactions”  bias  the 
measured data, and the signals that are usually normalised to the primary ion, H318O+ 
(m/z 21), are obscured. This study used an E/N ratio of 130 Td, which resulted from a 
drift tube voltage of 595 V, a pressure of 2.2 mbar and an applied temperature of 
60°C. 
Only  the  reaction  between  the  VOC (R)  and  H3O+ (see  R-47)  is  considered  to 
calculate the volume mixing ratios. The compound R exists only in trace amounts 
inside the PTR-MS so that the H3O+ signal does not decrease significantly and is 
excessively present ([H3O+] >> [RH+]). The number concentration of RH+ ions can be 
calculated as shown in equation (Eq-4) if the rate constant of the proton transfer 
reaction is known: 
(Eq-4)
[H3O+]0… Number concentration of the H3O+ ions injected from the ion source 
k… Reaction rate coefficient for the proton transfer
[R]… Number concentration of the compound R in the drift tube
t… Reaction time that the ions spend in the reaction region
Due  to  the  excessive  presence  of  primary  ions 
([RH+] << [H3O+] ≈ [H3O+]0 = constant),  the  compound  R  can  be  measured  by 
monitoring the primary ion, H3O+, and the protonated signal, RH+. The pressure and 
electric field strengths in the drift  tube are kept  at  a  constant  rate,  therefore,  the 
reagent ions spend a constant  average time,  t,  in  the drift  tube. The instrumental 
accuracy  is  largely  determined  by  uncertainties  in  values  assigned  for  k  and  is 
currently assessed with better than 30% (Lindinger et al., 1998a). 
2.2.2 Gaschromatography-Mass Spectrometry (GC/MS) 
Cryo-focusing GC/MS
An Agilent gas chromatograph (6890N) is used for a semi-online analysis of VOCs 
while a cryo-focusing is applied to enrich the analytes. The cryo set-up is self-made. 
The air sample from the chamber is transferred to the GC via a heated inactivated 
tube.  A sampling  line  of  1.76  m  enters  the  GC  via  a  six  port-switching  valve 
(Figure 2-3). 
[ RH+ ] = [ H 3 O
+ ] 0 (1−e
−k [R ]t ) ≈ [ H 3O
+ ] 0 [R] k t
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Figure 2-3. Schematic diagram of the used cryo GC/MS set up.
The  valve  box  is  set  to  125°C  where  a  10  ml  sampling  loop  is  installed  and 
constantly  flushed  with  chamber  air.  After  5  min,  a  pressure-controlled  switch 
(Figure 2-4) introduces the sample into the helium carrier gas stream. Next, it  is 
transferred to the inlet where the sample is volatilised at 125°C. The inlet pressure is 
set to 6.8 psi with a total flow of 5.1 ml min -1. At 6 min, the inlet is purged to the split 
vent at 1 ml min-1. The split-less mode is applied and the entire sample is introduced 
into  an  inactivated  retention  gap.  The  retention  gap has  a  length  of  1  m and is 
brought outside the instrument to enable a partial dipping into liquid nitrogen. This 
2 cm part  is  heated  manually  after  5.5  min  to  200°C  by  a  heat  gun.  Next,  the 
volatised  sample  is  transferred  into  the  GC  column,  where  the  components  are 
separated. 
Figure  2-4.  Working  principle  of  the  six-port  switching  valve.  Left:  In  the  load 
position, the column is purged with carrier gas and the sample loop is flushed with 
sample air. Right: In the injection position, the content of the loop is inserted into the 
He gas stream and transferred to the inlet and column.
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A capillary column is used (ZB-WAXplus 30 m x 250 µm x 0.25 µm, Phenomenex) 
to analyse the polar compounds. The column pressure is set at  a constant rate of 
6.8 psi with a flow of 1 ml min-1 and a resulting velocity of 36 cm sec-1. Table 2-1 
shows  the  GC oven  program.  The  separated  compounds  are  transferred  into  the 
ionisation source of a mass selective detector (MSD Agilent 5973, MS source 230°C, 
MS quad 150°C, 45-300 amu).
Table 2-1. Temperature program of the GC oven for the cryo GC/MS measurements.
T [°C] Hold [min] Run [min]
Start 40 6
Ramp 1 10°C min-1 180 20
Ramp 2 20°C min -1 250 23.5
Post 250 3 26.5
Thermal Desorption GC/MS (TD GC/MS)
Thermal  desorption  GC/MS  (TD  GC/MS)  using  Tenax  TA cartridges  is  another 
gas-phase sampling and analytical technique applied in the present study. Tenax TA 
is an adsorbent composed of 2,6-diphenylene oxide that is widely used for trapping 
volatile and semivolatile compounds from ambient air. The cartridges are thermally 
cleaned  before  usage  at  220°C  for  40  minutes  while  they  are  purged  with 
50 mL min-1 helium. 
The cartridge is connected to a chamber and a sample volume of 4 L is taken at a 
flow rate of 100 mL min-1. The thermal desorption and GC/MS injection procedure is 
performed with an automatised thermal desorber – a TurboMatrix 650 ATD (Perkin 
Elmer).  After  the  cartridge  is  purged  for  1  min,  the  compounds  are  thermally 
desorbed  from the  Tenax  TA cartridge  to  a  second  Tenax  TA trap  inside  of  the 
thermal desorber system at 250°C for 7 min. Next, the second trap is rapidly heated 
from -30 to 250°C at a rate of 40°C s-1 to inject the sample into the GC/MS. The 
transfer  line  and  valve  were  kept  at  225°C  during  the  desorption  process.  The 
compounds were separated using a ZB-WAXplus column (32 m x 250 µm x 0.25 
µm, Phenomenex) with a GC oven program, as shown in Table 2-2. The column flow 
was set to 1.2 ml min-1. A MSD was used as a detector (MSD Agilent 5973, MS 
source 230°C, MS quad 150°C, 35-300 amu).
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Table 2-2. Temperature program of the GC oven for the thermodesorption GC/MS 
measurements.
T [°C] Hold [min] Run [min]
Start 40 5
Ramp 1 10°C/min 220 7
30
Set-up for the Bubbling Experiments
Bulk system experiments are performed using a small glass bottle connected to a 
sampling tube for GC/MS measurements (see Figure 2-5). The glass bottle contains 
different  concentrations  of  ammonium  sulphate  in  water  at  different  pH  values 
(0, 2, 4). The pH values are adjusted by adding sulphuric acid. An aqueous sodium 
sulphate solution is prepared for the neutral experiment. A syringe pump is connected 
to the inlet of the glass bottle and  α-pinene oxide is injected into a stream of air 
flowing into the glass bottle. The flow rate of the α-pinene oxide solution is 2 μl h-1. 
Two types of experiments are performed: one that involves the gas flowing into the 
solution (A) and another that involves the gas flowing over the solution (B). 
The outlet of the glass bottle is connected to the GC/MS instrument to analyse the 
resulting gaseous compounds. In this series of experiments, the GC/MS runs without 
the cryo-focusing set-up and the valve box is set to 45 °C to minimise the thermal 
isomerisation of the α-pinene oxide.
Figure 2-5. Schematic set-up for the bubbling experiments.
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2.2.3 Denuder Sampling Technique
The  sampling  and  enrichment  of  gaseous  trace  components,  such  as  carbonyl 
compounds,  is  a challenging task.  Due to  their  low concentration and their  wide 
range of physical and chemical properties, several gas-collection techniques exist, 
most, which involve some sort of trapping technique using an absorbent.
Semivolatile compounds exist in both the gas- and particle-phases and are prone to 
sampling artefacts. Simultaneous determinations in both phases are an essential step 
towards a better understanding of gas- and particle-phase chemistry. One of the most 
common gas- and particle-phase sampling techniques is a denuder/filter combination. 
This technique is usually used to prevent positive artefacts for filter sampling and has 
been widely applied for a range of compounds. The gaseous compounds are trapped 
in  the  inner  coating  material  of  the  denuder  through  adsorption,  absorption, 
permeation, chemisorption or a combination of these mechanisms. Several criteria 
must be fulfilled in order to obtain the best performance from this technique. This 
includes a laminar air flow that is stable throughout the course of the sampling time. 
The inner surface area of the denuder coating needs to be large enough to trap the 
target  compounds  efficiently.  Ideally,  the  absorbance  should  not  be  destroyed  or 
changed by the air constituents. The removal of the analytes from the gas-phase must 
have no effect on the overall sample. 
This  study  uses  commercially–available,  five-channel  annular  denuder  tubes 
(URG-2000-30B5,  URG Corporation,  Chapel  Hill,  NC,  USA)  (Figure  2-6).  The 
denuders have a length of 40 cm and an annular spacing of 1 mm between each 
channel.  The  non-polar  resin,  XAD-4  (a  divinyl  styrene  derivate),  is  applied 
manually based on the denuder-coating procedure described by Eaton (2003) with 
some modifications as described in the following section.
Figure 2-6. A five-channel annular denuder from the URG Corporation used in this 
study.
Denuder Coating Procedure
(1) XAD-4 resin is washed prior to use. This removes the salts that are added to 
prevent bacterial growth. Eighty grams of XAD-4 resin (Sigma-Aldrich) is washed 
four times with 100 ml of ultra-pure water, and subsequently with 50 mL of LC-MS 
grade methanol. After drying for 12 hours in a fume cupboard at room temperature, a 
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fine  free-flowing  resin  is  obtained.  It  is  micronized  using  a  planetary  ball  mill 
(Planetary Mill pulverisette 5 with 4 bowl fasteners, Fritsch GmbH, Idar-Oberstein, 
Germany) for 6 hours at 300 rpm. 
(2) The denuder tube is washed using 25 mL of methanol, dried by passing a gentle 
flow of nitrogen, further rinsed with 25 mL of n-hexane (HPLC Chromasolv, > 97%, 
Sigma-Aldrich)  and  dried  again  by  a  gentle  flow of  nitrogen.  0.65  g  of  ground 
XAD-4  resin  is  mixed  with  100  mL of  n-hexane  in  a  beaker  and  covered  with 
aluminium foil. The solution is sonicated for a minimum of 30 min to prepare the 
homogeneous slurry. 
Critical  step: It  is  important  to  keep the slurry homogenous during the  denuder 
coating. This prevents non-uniform coating on the denuder surface.
(3) The slurry is left for 15 seconds to allow the larger particles to settle after the 
sonication. The denuder tube is filled with 70 mL of slurry (approximately 80% of 
the denuder volume),  capped and carefully  inverted 20 times.  Next,  the slurry is 
decanted back into the beaker and sonicated further for homogenisation.  A gentle 
stream of nitrogen is  passed through the denuder to  dry the surface.  The tube is 
vacuum dried for at least one minute using a small membrane pump. Each coating 
and drying cycle is repeated seven times. After the final coating step, the denuder is 
washed with 25 mL of n-hexane to remove loose XAD-4 particles, and the N2 and 
vacuum drying cycle is repeated twice.
Critical step: Vacuum drying provides a higher packing density for the absorbent 
material  and  reduces  surface  roughness,  which  results  in  a  better  denuder 
performance. 
(4) The threads at both end of the denuder are dipped vertically and sonicated in a 
clean n-hexane solution for 15 seconds without wetting the coated surface. Next, the 
ends are dried under a nitrogen stream, and a vacuum is applied. The ends are then 
wrapped with Parafilm (Pechiney Plastic Packaging Inc,  Chicago, IL,  USA) until 
usage. The coating is renewed after five experiments.
(5a) A set of XAD-4-coated denuders is used for the ex-situ derivatisation of trapped 
carbonyl  compounds.  Prior  to  usage,  the  denuders  are  cleaned  with  50  mL of 
methanol, followed by N2 and vacuum drying.
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(5b)  Another set of XAD-4-coated denuders is coated with DNPH for the on-tube 
conversion  of  carbonyl  compounds  on  the  denuder  surface.  The  DNPH-coating 
solution is made of 10 mM DNPH and 90 mM H3PO4 in 50 mL of acetonitrile. The 
solution is freshly applied before each experiment. First, the denuders are rinsed with 
50 mL of acetonitrile and dried by a gentle stream of nitrogen. Next, 10 mL of the 
DNPH coating  solution is  poured into  the denuder  tube  and the inner surface is 
wetted by inverting the  denuder 20 times.  Afterwards,  the denuder is  dried by a 
gentle stream of nitrogen followed by vacuum drying. The DNPH-coated denuder is 
used immediately for the chamber experiment.
Section 2.4.2 will describe the denuder treatment after the chamber experiment.
2.3 Particle-Phase 
2.3.1 Tandem Differential Mobility Particle Sizer (TDMPS) 
The number and mass  size  distributions  of  SOA are determined using a  Tandem 
Differential  Mobility  Particle  Sizer  (TDMPS).  A detailed  working  principle  of 
TDMPS is adequately described in Rader and McMurry (1986). SOA is classified by 
two DMAs (Differential Mobility Analyser) based on their electro-mobility and fed 
into an  ultrafine  condensation  particle  counter  (UCPC,  TSI  3025A,  Minneapolis, 
MN, USA) to measure 3 – 22 nm particles and a condensation particle counter (TSI 
3010) to measure 22 – 900 nm particles. Prior to DMA classification, the particles 
are exposed to a 85Kr β-radiation source to obtain a well-defined equilibrium charge 
distribution  (i.e.,  Boltzmann  distribution).  The  obtained  TDMPS  raw  data  are 
smoothed and corrected for multiple charged particles and CPC counting efficiency 
to calculate particle number and mass concentrations.
2.3.2  Filter Sampling 
Chamber Experiments
The  present  study  uses  PTFE  filters  (borosilicate  glass  fibre  filter  coated  with 
fluorocarbon, diameter 47 mm, PALLFLEX Fiberfilm T60A20, PALL, NY, USA). 
The  advantage  of  PTFE filters  is  their  lower  vulnerability  to  absorbing  gaseous 
compounds, compared to a quartz fibre filter. A filter-holder made of chemically inert 
TEFLON is used to sample particulate products from the chamber experiments. A 
five-channel annular denuder is connected to the front of the filter-holder to minimise 
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positive artefacts. The present study characterises the denuder/filter sampling device 
for the sampling and analysis of semivolatile carbonyl compounds.
Atmospheric Sample Collection
Atmospheric aerosol samples are collected in summer 2008 in Seiffen, Saxony in 
Germany (50°38´50´´N, 13°27´08´E, 647 m ASL). The sampling site is characterised 
as  a  rural  background  station.  The  village  is  subject  to  high  emissions  of 
monoterpenes and other biogenic VOCs during the summer months due to the boreal 
vegetation surrounding the village.
The samples are collected on pre-baked (105°C, 24 h) quartz fibre filters (Munktell 
Filter AB, Falun, Sweden) using a Digitel DHA-80 high volume sampler, which is 
equipped with a PM10 pre-separator (Digitel, Elektronik AG, Hegnau, Switzerland). 
The samples are collected for 24 h, from midnight to midnight, using a flow rate of 
30 m3 h-1. The following filter samples are analysed in this study: 19 th, 27th, 28th and 
31st August 2008.
2.4 Gas- and Particle-Phase Carbonyl Compound Analysis
2.4.1 Derivatisation of Carbonyl Compounds
The derivatisation reagent, 2,4-dinitrophenylhydrazine (DNPH), is purchased from 
Fluka  (≥  99%  assay,  delivered  in  50%  water,  St.  Louis,  MO,  USA).  It  is 
recrystallised  twice  in  HPLC-grade  acetonitrile  and  dried  in  a  desiccator  for  a 
minimum of one day.
The  following carbonyl  compounds  are  obtained from Sigma-Aldrich  (St.  Louis, 
MO,  USA):  acetone  (99.5%),  acetaldehyde  (99%),  glyoxal  (40  wt%  in  H2O), 
methylglyoxal (40% in H2O), methyl vinyl ketone (99%), methacrolein (95%) and 
(1R)-(+)-nopinone  (98%).  Benzaldehyde  (≥  99%)  is  obtained  from  Fluka, 
hydroxyacetone (95%) from ABCR GmbH & Co. KG (Karlsruhe,  Germany) and 
formaldehyde (36.5%) is  purchased from Riedel-de Haën (St.  Louis,  MO, USA). 
They are used without further purification. Campholenic aldehyde, pinonaldehyde, 
3-hydroxy-nopinone  and  homoterpenyl  methyl  ketone  are  synthetically  prepared. 
Campholenic aldehyde is synthesised from α-pinene oxide, as described by Castro et 
al.  (2005). Pinonaldehyde is  prepared following the  description  by Glasius  et  al. 
(1997).  According  to  Lavallée  and Bouthillier  (1986),  the  3-hydroxy-nopinone is 
synthesised, starting from pinocarveol. 
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The  procedure  reported  by  Baeyer  (1896)  was  used  to  synthesise  homoterpenyl 
methyl ketone using the rearrangement of cis-pinonic acid. 
All the solvents used in the present study have the highest quality available (LC-MS 
grade) and are purchased from Sigma-Aldrich. Phosphoric acid (85 wt% in water) is 
obtained from Riedel-de  Haën.  The derivatives  are  prepared by mixing carbonyl 
compounds  in  an  acidified  methanol  solution  containing  DNPH.  The  obtained 
carbonyl-hydrazone crystals of benzaldehyde, campholenic aldehyde, nopinone and 
pinonaldehyde  are  purified  via  recrystallisation  from  ethanol  and  dried  in  a 
desiccator. Stock solutions are prepared by weighing a defined amount of carbonyl- 
hydrazone  crystals  in  a  volumetric  flask  and  adding  acetonitrile.  All  other 
synthesised carbonyl-hydrazones are purified using a solid phase extraction (SPE) 
method (OASIS HLB cartridges with 30 mg adsorbent, Waters Milford, MA, USA). 
Their concentration in the stock solution is determined using high performance liquid 
chromatography (HPLC, Agilent 1100 series, Santa Clara, CA, USA) coupled to an 
universal  detector.  The  Corona  charged  aerosol  detector  (Corona  CAD,  ESA, 
Chelmsford,  MA,  USA)  provides  similar  detector  responses  regardless  of  the 
chemical structures of the analytes. The synthesised benzaldehyde-DNPH is chosen 
as  a  calibrant  because  it  shows  no  trace  of  impurity  in  the  chromatograms 
(Figure 2-7). 
Figure  2-7.  Chromatograms  of  the  synthesised  benzaldehyde-DNPH  showing  no 
impurities from analysis using the Corona CAD detector (top) and DAD detector 
(bottom).
[Reprinted  from  J.  Chromatogr.  B,  879,  Kahnt  et  al.,  Denuder  sampling  techniques  for  the 
determination of gas-phase carbonyl compounds: A comparison and characterisation of in situ and ex 
situ derivatisation methods, 1402-1411, Copyright 2011, with permission from Elsevier]
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Furthermore,  the  mass  spectrometric  response  of  the  synthesised  benzaldehyde-
DNPH  is  compared  to  a  commercially  available  benzaldehyde-DNPH  (Supelco 
carbonyl-DNPH  mix  1,  Sigma  Aldrich).  The  difference  in  their  intensities  was 
approximately 13% (n = 3),  which confirms the concentration of the synthesised 
benzaldehyde-DNPH.  A  regression  coefficient  of  0.992  is  obtained  for  the 
benzaldehyde-DNPH calibration using HPLC-Corona CAD (6 points, 0.19 mg L-1 − 
14.9  mg  L-1).  Cyclohexanone-2,4-DNPH  (Sigma-Aldrich)  is  used  as  an  internal 
standard for the quantification of all target analytes.
2.4.2 Sample Preparation 
The  denuder  samples  are  directly  extracted  after  the  chamber  experiments.  The 
XAD-4 denuder  is  filled  with  50  ml  of  methanol,  capped and inverted  carefully 
20 times  while  rotating  along  its  axis.  The  XAD-4/DNPH-coated  denuder  is 
extracted three times with 50 ml of acetonitrile, as carbonyl-hydrazones are more 
soluble in this solvent. 0.5 mL of the ex-situ derivatisation mixture (Table 2-3) is 
added to the XAD-4 denuder extract, and 1 mL of cyclohexanone-DNPH (100 µM) 
is  added  to  both  denuder  extracts  as  an  internal  standard.  The  solutions  are  left 
overnight to ensure a complete derivatisation.
Table 2-3. Content and concentrations of derivatisation mixtures used for denuder 
and filter samples. All the mixtures are prepared in acetonitrile.
Derivatisation mixture for denuder 
samples
Derivatisation mixture for filter 
samples
In-situ Ex-situ
DNPH 10 mM 20 mM 10 mM
H3PO4 90 mM 1.5 M 1.5 M
After their concentration by rotary evaporation (25°C at 100 mbar), the extracts are 
further purified using solid phase extraction cartridges (SPE). First, the cartridges are 
flushed three times with 1 mL of acetonitrile before usage and conditioned with 1 mL 
of  methanol  and  ultra-pure  water  (18.2  MΩcm  resistivity,  4  ppb  TOC,  Milli-Q 
Gradient  A10  with  an  UV lamp,  Billerica,  MA,  USA),  respectively.  The  dried 
denuder  extract  is  reconstituted  in  1  mL of  methanol  and  loaded  on  the  SPE 
cartridge. The absorbent traps the carbonyl-hydrazones and the phosphoric acid is 
washed out twice using 1 mL of a methanol/ultra-pure water solution (5/95, v/v%). 
The carbonyl-hydrazones are eluted from the cartridge with 6 mL of acetonitrile. The 
SPE elute is dissolved in 10 mL of acetonitrile and kept in the darkness at -28°C in a 
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freezer until analysis. 1 mL of this solution is evaporated to dryness using a gentle 
stream of nitrogen at 10°C and brought back to 1 mL of acetonitrile/water (50/50, v/v
%) for HPLC/(-)ESI-TOFMS analysis. 
The filter samples are divided in half – one half for the DNPH derivatisation (a), and 
the other half for direct analysis after its extraction (b). Each filter half is cut into 
small pieces using a pair of ceramic scissors. 
(a)  The  filter  pieces  are  immersed  in  100  µL of  acetonitrile  solution  containing 
10 mM  of  DNPH  and  1.5  M  of  phosphoric  acid.  After  the  addition  of  1  mL 
acetonitrile  and  the  internal  standard,  the  filter  is  sonicated  for  15  minutes  to 
simultaneously extract and derivatise the carbonyl compounds. The extract is filtered 
using a  PTFE syringe  filter  (15-17 mm, Phenomenex,  Torrance,  CA, USA).  The 
remaining filter pieces are rinsed with 500 µL of acetonitrile and sonicated again for 
another  15 minutes  followed by filtration.  The extract  is  left  overnight  to  ensure 
complete derivatisation. The same SPE procedure as described above is used to wash 
out  the  phosphoric  acid.  The  dried  filter  extract  is  reconstituted  in  250  µL of 
acetonitrile/water  (50/50,  v/v%)  and  the  samples  are  analysed  using  HPLC/
(-)ESI-TOFMS.
(b) The filter pieces for direct extract analysis are immersed in 1 mL of methanol. 
The  extraction  is  performed  for  10  minutes  under  ultrasonication.  The  resulting 
solution is filtered through a Teflon syringe filter and blown to dryness under a gentle 
stream of N2 at 10°C. The residue is reconstituted in 200 µL of a methanol/water 
solution (50/50, v/v) and analysed using UPLC/(-)ESI-QTOFMS.
2.4.3 High Performance Liquid Chromatography Electrospray Ionisation 
Time-of-Flight Mass Spectrometry (HPLC/(-)ESI-TOFMS)
2.4.3.1 HPLC
This  instrument  is  used  to  analyse  the  derivatised  carbonyl  compounds  and  is 
equipped  with  a  vacuum  degasser,  a  quaternary  pump,  a  thermostatic  column 
compartment, an autosampler and a diode array detector coupled to an electrospray 
ionisation time-of-flight mass spectrometer (micrOTOF, Bruker Daltonics, Bremen, 
Germany).  The Pursuit  XRs Ultra  2.8 Diphenyl column (100 x 2.0 mm, 2.8 µm, 
Varian, Paolo Alto, CA, USA) is used to separate the derivatised target compounds. 
This is a reversed phase column with hydrophobic diphenyl substituted silica. This 




The separation is carried out at 30°C with a flow rate of 0.4 mL min -1 using (A) 1% 
acetic acid in ultra-pure water, (B) acetonitrile and (C) ultra-pure water as eluents. 
The gradient programme is as follows: held constant 5% (A), 30% (B) and 65% (C) 
for the first 4 min. Increased to 5% (A) and 95% (B) after 20 min. Increased to 100% 
(B) and held constant for 5 min. Next, the eluents are set to its initial condition and 
held for 5 min to re-equilibrate the column. The compounds are detected using a 
UV-DAD detector and a time-of-flight mass spectrometric detector (TOFMS). Most 
of the hydrazones have an UV absorption maximum in the range of 360-380 nm and 
are easily detected by an UV-DAD detector. A TOFMS is used to resolve peaks that 
are not completely separated in the UV chromatograms. In addition, a TOFMS offers 
greater  sensitivity  than  the  UV-DAD  detector  and  the  exact  mass  of  the  target 
compounds  can  be  determined.  This  enables  the  determination  of  the  elemental 
composition for unknown oxidation products.
2.4.3.2 ESI-TOFMS
Electrospray  ionisation  (ESI)  involves  an  atmospheric  pressure  process  in  which 
gas-phase ions are produced from the desolvation of highly charged droplets that are 
formed between the tip of a small capillary and a counter electrode. In the Bruker 
ESI source, the HPLC eluent is nebulised by a capillary needle and a surrounding 
nitrogen stream. The electrode that surrounds the capillary needle places a charge on 
the droplets. Heated drying gas (200°C) is introduced to the stream of droplets to aid 
vaporisation  and  to  remove uncharged material.  Once  the  droplet  reaches  a  size 
where electrostatic repulsion exceeds the surface tension (Rayleigh limit), the droplet 
decomposes due to Coulomb repulsion and forms the gas ions. The ions are pulled 
into the dissolvation assembly,  followed by a mass spectrometer with a  series of 
transfer optics where the ions are focused to form a beam (Figure 2-8). In TOFMS, 
the mass-to-charge ratios of the ions are determined by the time the ions take to 
travel between a pulser region and a detector. The used acquisition parameters for the 
ESI-TOFMS are summarised in Table 2-4.
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Figure 2-8. Scheme of the Bruker micOTOF (taken from the micrOTOF user manual 
version 1.1 April 2007). The copyright of this image belongs to the Bruker Daltonik 
GmbH. The figure is used with permission here.
Table 2-4. ESI-TOFMS acquisition parameters.
Ion source: ESI Scan m/z 50-1000
Polarity negative Nebuliser 1.5 bar
Capillary 4500 V Dry Heater 200 °C
End Plate Offset -500 V Dry Gas 10 L min-1
Ion optics:
Capillary Exit - 90 V Pre Puls storage time 4 µs
Skimmer 1 -27 V Lense 1 storage -46 V
Hexapole 1 -25.6 V Lense 1 extraction -19.5 V
Skimmer 2 -23 V Lense 2 -9 V
Hexapole 2 -19.2 V Lense 3 20 V
Hexapole RF 83 V Lense 4 0 V
Transfer Time 52 µs Lense 5 22 V
TOF:
Corrector Fill 46 V Reflector 1700 V
Pulsar Pull 800 V Flight Tube 8600 V
Pulsar Push 800 V Corrector Extract 464 V
Detector TOF 2000 V 
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3 Results and Discussion
3.1 Development of a Method for Carbonyl Compound Analysis 
using HPLC/(-)ESI-TOFMS
As described in the Objectives of the present study (section 1.7) an analytical method 
was  developed  to  enable  a  separation  and  detection  of  carbonyl-hydrazones. 
Therefore an HPLC/(-)ESI-TOFMS method was assessed and optimised to analyse 
carbonyl  compounds  originating  from  the  monoterpene  oxidation  such  as 
campholenic aldehyde, nopinone, pinonaldehyde, pinonic acid and norpinonic acid 
after  their  derivatisation  with  DNPH.  Other  atmospherically  relevant  and 
functionalised  carbonyl  compounds,  such  as  3-hydroxybenzaldehyde, 
methylbenzochinone,  hydroxyacetone,  methyl  vinyl  ketone,  glyoxal  and 
methylglyoxal, were tested as well. Furthermore, the commercially available Supelco 
Carbonyl-DNPH Mix 1 was used to assess the method for small carbonyl compounds 
(formaldehyde,  acetone,  acetaldehyde,  methacrolein and benzaldehyde).  Table 3-1 
summarises all the compounds used in the present study. 
Table 3-1. A list of carbonyl compounds assessed in the present study.
Monoterpene originating Low Mw Others 
Campholenic aldehyde Formaldehyde Benzaldehyde
Nopinone Acetone 3-Hydroxybenzaldehyde
Pinonaldehyde Acetaldehyde Methylbenzochinone




Different  columns  and  chromatographic  gradients  were  tested  to  enable  the 
separation of target compounds. Moreover, MS parameters were adjusted to optimise 
their detection. 
Numerous liquid-chromatographic methods for the analysis of carbonyl-hydrazones 
are based on C-8 or C-18 reversed phase columns (e.g., Hellén et al., 2004; Baños et 
al.,  2009a; Chi et  al.,  2007; Zhou et  al.,  2009), and have been tested also in the 
present study. Carbonyl-hydrazones are more soluble in acetonitrile; therefore, water 
and acetonitrile were used as eluents. Precipitation was observed when methanol was 
used as an eluent.
3 Results and Discussion
The Zorbax SB C18 column (150 x 3 mm), which contains particles with a diameter 
of 5 μm, was tested first. An improvement in peak shape and intensity was observed 
when 0.2% acetic acid was added to the eluents (Figure 1 and 2 in Appendix A). 
Therefore,  acetic  acid  was  always  added as  a  modifier  to  the  eluents.  A phenyl 
column  (Phenomenex  Gemini  C6  phenyl,  150  x  2  mm;  5  μm)  was  also  tested 
because carbonyl-hydrazones contain an aromatic structure. Figure 3 (Appendix A) 
shows that additional π-π interactions between the stationary phase and the aromatic 
structure  of  carbonyl-hydrazones  enabled  a  better  separation.  However,  the 
Phenomenex Gemini C6 phenyl column was not robust enough for the application, 
and thus, developed faults on numerous occasions (e.g., pressure hikes). Instead, a 
phenyl  column  with  smaller  particles  (Varian  Pursuit  XRs  ultra  Diphenyl, 
100 x 2 mm, 2.8 μm) was tested in order to achieve a shorter separation time for the 
analysis (Figure 4 in Appendix A). Figure 5 (Appendix A) shows that a fast analysis 
with  reasonable  separation  was  obtained  with  a  stronger  gradient.  The  diphenyl 
column was finally chosen as it showed good separation for individual compounds 
from  the  Supelco  Carbonyl-DNPH  Mix  1  (Figure  7  Appendix  A).  The  mass 
spectrometric  detection  enabled  discrimination  for  those  compounds with  similar 
retention time but different m/z values. Figure 3-1 shows a chromatogram of all the 
carbonyl-hydrazones used in the present study, via the final HPLC/(-)ESI-TOFMS 
method.
Figure  3-1.  Extracted Ion Chromatogram of  the carbonyl-hydrazones  used in  the 
present study. The chromatogram shows the final method using the Varian Pursuit 
XRs ultra Diphenyl column (100 x 2 mm; 2.8 μm).
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It was noted that methyl vinyl ketone (MVK) forms a di-derivatised form even it 
only contains one keto group. Duane et al. (2002) also reported the formation of a 
di-DNPH-derivative of MVK, which can be explained by the nucleophilic addition 
of  DNPH  to  the  β-carbon  of  the  α,β-unsaturated  methyl  vinyl  ketone  (Michael 
addition) (Michael 1887, 1894). Certain derivatisation conditions might enable such 
reactions.
3.1.1 Evaluation of a DNPH Derivatisation Method for Carbonyl Compound 
Analysis 
The  derivatisation  reaction  between  carbonyl  compounds  and  DNPH  is  usually 
performed under acidic conditions. The reaction is reversible (Figure 3-2), and high 
DNPH  concentration  and  low  pH  value  may  significantly  shift  the  equilibrium 
towards the formation of an hydrazone.
Figure 3-2. Reaction mechanism for the derivatisation of carbonyl compounds with 
DNPH.
E-  and  Z-stereoisomers  exist  because carbonyl-hydrazones contain a C=N double 
bond (Figure 3-3). This can cause some analytical problems.
Figure 3-3. General chemical structures of the E- and Z-isomers of 
carbonyl-hydrazones.
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A trace  of  acids  can  catalyse  the  E-  and  Z-isomerisation  even  in  the  carbonyl-
hydrazone crystal, which can be detected via melting point anomalies (Behforouz et 
al., 1985). Although it was demonstrated that purified aldehyde-hydrazones give only 
the  E-isomer, both  E- and  Z-isomers were detected in the presence of an acid and 
under UV radiation (Uchiyama et al., 2003). Uchiyama et al. (2004, 2007) reported a 
similar finding for ketone- and alkenal-hydrazones and observed different maximum 
absorption wavelengths for the E- and Z-isomers. A shift to shorter wavelengths was 
observed for the Z-isomer (Uchiyama et al., 2003, 2004). Furthermore, a variation in 
the  E/Z-isomer  ratio  was  noted  when  different  acid  concentrations  were  applied 
(Uchiyama et al., 2004). For ketone-hydrazones, decomposition was reported in the 
presence  of  water  (Uchiyama  et  al.,  2007).  The  authors  recommended  only  a 
minimum concentration of a catalytic acid for the derivatisation and they suggested a 
fast analysis within 27 hours.
For the reasons mentioned above, the present study evaluated different derivatisation 
parameters  and a  sample  clean-up procedure.  Consequently,  phosphoric  acid was 
removed to enable also a mass spectrometric analysis of the samples.
The derivatisation method was evaluated using the carbonyl compounds campholenic 
aldehyde,  nopinone  and  pinonaldehyde  derived  from monoterpenes  (Figure  3-4). 
Benzaldehyde  was  also  included,  since  it  is  formed  from  the  oxidation  of 
anthropogenic  VOCs  and  was  included  in  several  earlier  studies.  Liggio  and 
McLaren (2003) have also reported a derivatisation efficiency with DNPH. 
Figure 3-4. Carbonyl compounds used for an evaluation of the derivatisation method.
The  first  parameter  tested  in  the  present  study  was  the  influence  of  different 
concentrations of DNPH and phosphoric acid, the second was the influence of the 
reaction temperature and the third was the reaction time. To this end, a methanol 
solution  containing  100  µM  of  carbonyl  compounds  was  mixed  with  the 
derivatisation solution containing 10 mM DNPH and 1.5 M H3PO4. Earlier studies 
reported a quantitative derivatisation reaction between several  minutes and a few 
hours (e.g.,  Lipari  and Swarin,  1982;  Komazaki  et  al.,  1998;  Zhou et  al.,  2009); 
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therefore, the different parameters were tested using a reaction time of three hours. 
After  this  period,  the  samples  were  purified  using  solid  phase  extraction  (SPE) 
cartridges  to  remove  the  phosphoric  acid  and  were  analysed  by  HPLC/(-)ESI-
TOFMS. The derivatisation efficiency was determined using a calibration curve from 
the respective hydrazone standard that was produced separately. The derivatisation 
efficiency was calculated based on the assumption that 100 μM carbonyl compound 
would lead to 100 μM carbonyl-hydrazone. 
The Influence of DNPH and Phosphoric Acid Concentrations
Keeping all other parameters constant (100 µM carbonyl compound in methanol and 
1.5  M  phosphoric  acid  in  the  derivatisation  mixture),  the  following  DNPH 
concentrations were tested: 10 mM, 20 mM and 100 mM (Figure 3-5 left). When 
large amounts of DNPH were used, a significant improvement was observed in the 
formation  of  pinonaldehyde-hydrazone.  This  is  likely  because  this  compound 
contains two carbonyl groups, one of which is a keto group. Ketones usually require 
longer reaction times or stronger derivatisation conditions to form the hydrazone. 
Nopinone showed a similar trend, but reached an optimum using 20 mM DNPH. 
Campholenic  aldehyde  showed  no  influence  on  DNPH  concentration,  whereas 
hydrazone  formation  decreased  for  benzaldehyde  with  the  highest  DNPH 
concentration.
Figure 3-5. Effect of DNPH and phosphoric acid concentrations on the derivatisation 
efficiency. 
The  influence  of  phosphoric  acid  was  tested  using  the  following  H3PO4 
concentrations:  0.5  M,  1.5  M  and  16  M  (Figure  3-5  right).  The  derivatisation 
efficiencies for compounds with an aldehyde group improved only slightly at higher 
H3PO4 concentrations  as  shown  for  benzaldehyde  and  campholenic  aldehyde.  A 
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significant effect was observed for ketone- and dicarbonyl-hydrazone compounds. As 
the acidity level increased, the derivatisation efficiency of pinonaldehyde increased 
significantly,  and  nopinone  showed somewhat  lower  derivatisation  efficiencies  at 
higher  phosphoric  acid  concentrations.  It  is  possible  that  the  increasing  acidity 
shifted the equilibrium of a keto-enol-tautomerisation, which affected the subsequent 
derivatisation with DNPH.
Both  parameters,  the  DNPH  and  phosphoric  acid  concentrations,  affect  the 
derivatisation efficiency but showed compound specific optima. An excess of DNPH 
is necessary, but too strong acidic media should be avoided.
The Influence of Temperature
According  to  Stafiej  et  al.  (2006),  temperature  can  also  positively  influence  the 
derivatisation  efficiency.  This  may  be  caused  by  enhanced  reaction  rates  under 
elevated temperatures.  The following temperatures were tested:  room temperature 
(RT,  ~22°C),  30°C and 40°C. As the  temperature increased,  higher derivatisation 
efficiencies  were  observed  for  benzaldehyde  and  pinonaldehyde  (Figure  3-6).  In 
contrast,  the  changing  temperatures  had  relatively  little  effect  on  nopinone  and 
campholenic aldehyde. At 40°C, pinonaldehyde decreased to a significantly worse 
derivatisation efficiency. 
Figure 3-6. Effect of temperature on the DNPH derivatisation.
For practicability it is recommended to perform the derivatisation reaction at milder 
conditions at room temperature.
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The Influence of Reaction Time
To check the time required for a complete derivatisation, the solution containing the 
carbonyl compound and the derivatisation reagent was measured using a UV-VIS 
spectrophotometer. A time series was recorded over 24 hours using the absorbance 
wavelengths of carbonyl-hydrazones at  380 nm. The time resolved measurements 
showed that after three hours, none of the four carbonyl compounds had reached the 
equilibrium (Figure 3-7).
Figure 3-7. Derivatisation time series for the reaction of DNPH with benzaldehyde, 
campholenic aldehyde, nopinone and pinonaldehyde. The data show the absorption 
intensities at λ = 380 nm.
In comparison to earlier  studies,  a much faster  attainment  of an equilibrium was 
reported for the carbonyl-hydrazone formation of smaller carbonyl compounds. Such 
compounds  include,  for  example,  formaldehyde,  acetaldehyde  (Komazaki  et  al., 
1998), hydroxyaxetone, glycolaldehyde (Zhou et al., 2009) and hexanal (Stafiej et 
al.,  2006). The steric effects of larger carbonyl compounds might account for the 
slower reaction observed in the present study. Therefore it is reasonable that it took 
longer  for  pinonaldehyde to  reach an  equilibrium since  two carbonyl  groups are 
present  in  the  molecule.  It  remains  unclear  why hydrazone  absorption  increased 
significantly after five to six hours for campholenic aldehyde. Measurements after 
24 hours  resulted  in  the  highest  uncertainty,  which  is  likely  due  to  the  interday 
variability  of  the  UV-VIS  spectrophotometer.  Even so,  longer  reaction  times  are 
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recommended, to ensure a complete derivatisation.
These  results  show  that  each  compound  responds  to  the  applied  derivatisation 
conditions very differently. It is necessary to determine and apply target compound-
specific parameters for their derivatisation. Such effects must be considered for the 
quantification of carbonyl compounds. 
The final method used was a mixture containing 10 mM DNPH and 1.5 M H3PO4 in 
acetonitrile. The derivatisation was carried out at room temperature for a period of 
approximately 24 hours. Nevertheless, there was a high degree of uncertainty for the 
three  repetitions,  particularly  for  the  dicarbonyl-compound  pinonaldehyde 
(Figure 3-8). 
Figure 3-8. Derivatisation efficiencies for carbonyl compounds using a mixture of 10 
mM DNPH and 1.5 M H3PO4 in acetonitrile at room temperature for 24 hours. The 
data represent mean values of three repetitions, and the error bars represent  their 
standard deviations.
Compared to the results reported in the literature, benzaldehyde data matched very 
well  with  those  from  Liggio  and  McLaren  (2003)  who  reported  almost  100% 
derivatisation  efficiency.  The  authors  reported  also  derivatisation  efficiencies  for 
nopinone- and pinonaldehyde-hydrazone formation of 80% and 98%, respectively. 
The values observed in the present study are lower, particularly for pinonaldehyde. 
Possible reasons include side reactions that compete with the DNPH derivatisation 
reaction such as oligomerisation (Tolocka et al., 2004; Liggio and Li, 2006a,b) and 
subsequent losses during the sample preparation procedure by SPE. 
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Section  3.1.3  will  discuss  another  reason,  which  is  the  relatively  high  level  of 
uncertainty in terms of quantification by HPLC/(-) ESI-TOFMS.
3.1.2 Evaluation of a Sample Preparation Method
The derivatised samples were purified using SPE cartridges. This procedure washes 
the  phosphoric  acid  from the  sample  mixture  and  enables  a  mass  spectrometric 
detection of derivatised carbonyl compounds. The cartridges contain an acid and base 
resistant co-polymer, which is applicable for a broad range of polar and non-polar 
compounds. The carbonyl-hydrazones are non-polar compounds and are retained by 
the co-polymer based on the principles of reversed-phase chromatography (Figure 
3-9).
Figure 3-9. Working principle of the SPE cartridges (picture taken from: 
http://www.crawfordscientific.com/IMAGES/silicycle/Sili_SPE_Fig1.jpg).
The detailed sample preparation procedure is described in the experimental section 
2.4.2. Table 3.2 summarises the determined recoveries from the SPE procedure for 
the carbonyl-hydrazones investigated in the present study. Small and functionalised 
carbonyl  compounds  tend  to  show  lower  recovery  values  than  larger  carbonyl 
compounds. This might be associated with the lower affinity of smaller carbonyl-
hydrazones to the SPE-absorbent material. Overall, the recoveries and RSD values 
for the SPE procedure were acceptable for the sample purification method. 
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Table  3-2.  Recoveries  and  RSD% (relative  standard  deviations)  of  OASIS  HLB 
cartridges with 30 mg/1 ml absorbent (n = 5). 
[Reprinted  from  J.  Chromatogr.  B,  879,  Kahnt  et  al.,  Denuder  sampling  techniques  for  the 
determination of gas-phase carbonyl compounds: A comparison and characterisation of in situ and ex 
















Campholenic aldehyde 86 7
Nopinone 90 5
Pinonaldehyde 98 14
Pinonic acid 56 8
Norpinonic acid 40 8
3.1.3 The Merits of Analysis for the HPLC/(-)ESI-TOFMS Method
HPLC/(-)ESI-TOFMS calibration  curves  for  the  carbonyl-hydrazones  used  in  the 
present study were obtained by fitting a quadratic curve to a series of calibration 
points determined from the standard peak area to the internal  standard peak area 
(10 µM).  The mass  precision  range was  set  to  m/z ±  0.5  and no dynamic  range 
adjustment was applied. Table 3-3 summarises the merits of analysis including the 
quantification ranges and the coefficients of determination for the calibration curves 
in the analysis. Relative standard deviations (RSD) of the determined ratio of target 
area to internal standard area were calculated from the analysis performed on three 
different  analytical  days  (Table  3-3).  Slightly  higher  RSD were  observed for  the 
dicarbonyl compounds (15 and 16% for glyoxal and methylglyoxal, respectively), 
3-hydroxybenzaldehyde (15%) and methylbenzochinone (13%) although they were 
still acceptable for quantification. It is noted that both glyoxal and methylglyoxal can 
form mono- and di-DNPH derivatives  and each hydrazone forms  cis-  and  trans-
isomers, leading to four possible isomers. An interconversion between the isomers 
occurs for carbonyl-DNPH derivatives (Uchiyama et al., 2003, 2004, 2007, 2011), 
which  might  lead  to  higher  uncertainties  for  glyoxal  and  methylglyoxal 
quantification.
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The  limits  of  detection  (LOD)  for  the  HPLC/(-)ESI-TOFMS analysis  were 
determined using the carbonyl-hydrazone standards,  which were diluted step-wise 
until the chromatographic peak area showed a signal-to-noise ratio of 3. Acceptable 
LODs  were  achieved  ranging  from  0.01  µM  for  pinonaldehyde  to  0.52 µM  for 
formaldehyde (2 μL injection).
Table 3-3. Quantification range, coefficient of determination (R2), RSD for carbonyl-
hydrazone compounds (RSD%) and LOD for the HPLC/(-)ESI-TOFMS method used 
in the present study. 
[Reprinted  from  J.  Chromatogr.  B,  879,  Kahnt  et  al.,  Denuder  sampling  techniques  for  the 
determination of gas-phase carbonyl compounds: A comparison and characterisation of in situ and ex 












Formaldehyde 209 8.3 – 133 0.9999 7.1 0.52
Acetone 237 2.1 – 34 0.9999 9.2 0.27
Acetaldehyde 223 2.8 – 45 0.9999 6.5 0.36
Hydroxyacetone 253 0.4 – 3.5 0.9987 6.9 0.18
Methyl vinyl ketone 447 0.1 – 1.8 0.9990 13 0.06
Methacrolein 249 1.5 – 25 0.9998 4.6 0.06
Glyoxal 417 1.6 – 16 0.9994 15 0.41
Methylglyoxal 431 0.8 – 15 0.9852 16 0.05
Benzaldehyde 285 1.5 – 24 0.9998 3.9 0.04
3-Hydroxybenzaldehyde 301 2.5 – 20 0.9981 15 0.03
Methylbenzochinon 301 1.5 – 12 0.9991 13 0.01
Campholenic aldehyde 331 1.5 – 24 0.9999 5.3 0.05
Nopinone 317 3.1 – 50 0.9999 3.4 0.01
Pinonaldehyde 527 1.6 – 26 0.9989 9.1 0.01
Pinonic acid 363 2.1 – 16 0.9997 3.3 0.01
Norpinonic acid 349 2.4 – 19 0.9994 3.3 0.01
a Based on the chromatographic peak area of S/N = 3.
3.1.4 The Characterisation of Fragmentation Patterns for Carbonyl-
Hydrazone Derivatives
The synthesised  carbonyl-hydrazones  were  also fragmented  by MSMS studies  to 
derive certain fingerprints for a possible structural elucidation of unknown oxidation 
products. In the late 1960s, it was revealed that an ortho-nitro group influenced the 
fragmentation  pattern  of  nitrophenylhydrazones  significantly  (e.g.,  Seibl  and 
Völlmin, 1968; Benoit and Holmes, 1969). A structure-specific fragmentation pattern 
was reported for certain carbonyl-hydrazones and their sub-structures, which were 
derived from pinonal and nor-pinonal / OH chamber experiments (Brombacher et al., 
2001).  The  present  study  employed  a  similar  approach  and  obtained  fragments 
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derived from DNPH-derivatised carbonyl standard compounds. This section presents 
the suggested fragmentation schemes and compares them to the literature.
The  fragmentation  studies  performed  by  Kölliker  et  al.  (2001)  used  carbonyl-
hydrazones labelled with D,  13C and  15N and suggested structures for the observed 
fragments.  They explained certain fragment ions by rearrangement reactions,  ion-
molecule adduct formation and as a result of their reactions with species generated in 
the ion source or trap region of the mass spectrometer. 
The  following  derivatised  carbonyl  compounds  were  fragmented  in  the  present 
study: cyclohexanone-DNPH, nopinone-DNPH, limonaketone-DNPH, campholenic 
aldehyde-DNPH, pinonaldehyde-di-DNPH, endolim-di-DNPH, homoterpenyl methyl 
ketone-DNPH, pinonic acid-DNPH and norpinonic acid-DNPH. 
Typically, the DNPH-part  of the carbonyl-hydrazone fragments readily and forms 
product  ions  at  m/z 120,  122,  152  and  179  in  the  negative  ionisation  mode 
(Brombacher et al., 2001). In addition, the authors reported compound class-specific 
DNPH-fragments and observed the additional DNPH-product ions at  m/z 163, 167 
and 182. These product ions were also observed in this study. Figure 3-10 shows the 
suggested structures of the DNPH fragments based on the study by Kölliker et al. 
(2001). 
Figure 3-10. Commonly observed DNPH fragment ions with proposed structures. 
The structures marked with * were reported by Kölliker et al. (2001).
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Brombacher et al. (2001) reported a missing or weak DNPH fragment at  m/z 163 
from ketone-DNPH molecules. The present study also observed this phenomenon 
since no m/z 163 was observed in the MS2 spectra from cyclohexanone-DNPH and 
nopinone-DNPH  (Figure  3-11).  The  limonaketone-DNPH  showed  the  m/z 163 
fragment in low quantities. 
The present study only observed two isomers for each of the dicarbonyl-hydrazones 
pinonaldehyde and endolim with a small difference in the fragmentation pattern for 
the respective isomer (Figure 3-11). Theoretically, four isomers of these compounds 
can exist since the compounds contain one keto and one aldehyde group and each 
hydrazone can have E- and Z-isomers. 
In the case of pinonaldehyde-di-DNPH, the first and most intensive chromatographic 
peak showed a m/z 163 fragment, which was not observed in the later eluting peak. 
From the second chromatographic peak, a notable  m/z 447 fragment was observed 
that  was  negligible  from the  first  eluting  peak (Figure  3-11).  The  first  endolim-
di-DNPH peak eluted at 9.3 min and fragmented to an abundant m/z 163 product ion, 
which  was  only  observed  at  a  negligible  level  in  the  second  eluting  peak 
(Figure 3-11). An additional product ion at m/z 365 was observed in the isomer that 
eluted later. 
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Figure 3-11. MS2 fragmentation spectra of carbonyl-hydrazone standards investigated in the present study. 
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Figure 3-11. MS2 fragmentation spectra of carbonyl-hydrazone standards investigated in the present study (continued). 
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Figure 3-11. MS2 fragmentation spectra of carbonyl-hydrazone standards investigated in the present study (continued). 
3 Results and Discussion
A quite characteristic substructure was recognised in the fragmentation pattern of 
norpinonic  acid  (m/z  349)  and  pinonic  acid-DNPH  (m/z  363).  As  shown  in 
Figure 3-11 both of the MS2 spectra were dominated by the fragments at m/z 249 and 
152. The formation of a butenone-DNPH partial structure explains the formation of 
the C10H9N5O4- (m/z 249) fragment, which seems to be typical for compounds with a 
cyclobutane structure (Brombacher et al., 2001) (Figure 3-12).
Figure 3-12. Proposed fragmentation mechanism for norpinonic acid-DNPH.
3.2 Characterisation of a Denuder-Filter Sampling Technique 
After the derivatisation reaction with DNPH was evaluated, the method was applied 
to a denuder sampling system to trap and analyse semivolatile carbonyl compounds. 
The inner denuder surface was coated with XAD-4 resin, a styrene-divinylbenzene 
polymer that has a high surface area and good adsorptive properties. The manual 
coating  procedure  for  denuders  using  a  XAD-4  slurry  is  described  in  the 
experimental section 2.2.3. The present study modified the coating process by adding 
a vacuum drying step during the manual coating procedure since an improvement in 
denuder performance was observed (Figure 3-13). 
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Figure 3-13. Improvement in denuder performance using a vacuum drying step. 
[Reprinted  from  J.  Chromatogr.  B,  879,  Kahnt  et  al.,  Denuder  sampling  techniques  for  the 
determination of gas-phase carbonyl compounds: A comparison and characterisation of in situ and ex 
situ derivatisation methods, 1402-1411, Copyright 2011, with permission from Elsevier]
The denuder/filter sampling combination was evaluated and two types of denuder 
coatings were examined: one with single XAD-4 coating and another with XAD-4 
and DNPH. Each sampling system was evaluated for  a  range of  atmospherically 
relevant  carbonyl  compounds  using  the  LEAK  chamber  facility.  The  following 
compounds  were  included  in  the  characterisation  study:  formaldehyde,  acetone, 
acetaldehyde,  hydroxyacetone,  methyl  vinyl  ketone,  methacrolein,  glyoxal, 
methylglyoxal, benzaldehyde, campholenic aldehyde, nopinone and pinonaldehyde. 
The  relationship  between  the  sampling  parameters  and  the  performance  of  the 
denuders was evaluated to determine the best operating conditions.
Calibration  experiments  were  also  performed  for  that  purpose  the  carbonyl 
compounds  were  injected  into  the  chamber  over  a  certain  concentration  range 
(Table 3-4). This enabled the preparation of the calibration curves since the injected 
mixing  ratio  of  the  individual  carbonyl  compound  was  related  to  the  derived 
carbonyl-hydrazone concentration from the HPLC/(-)ESI-TOFMS denuder analysis. 
This procedure included all losses derived from the denuder extraction and sample 
preparation  and  can  help  to  reduce  the  uncertainties  associated  with  the 
quantification of oxidation products from denuders. 
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The  following  sampling  parameters  were  examined  to  study  the  performance  of 
XAD-4- and XAD-4/DNPH-coated denuders: a flow rate of 10 L min-1 and the effect 
of two different relative humidities inside the chamber (< 3% and 50%). 
Table 3-4. Mixing ratios injected into the chamber for the calibration experiments.
[Reprinted  from  J.  Chromatogr.  B,  879,  Kahnt  et  al.,  Denuder  sampling  techniques  for  the 
determination of gas-phase carbonyl compounds: A comparison and characterisation of in situ and ex 
situ derivatisation methods, 1402-1411, Copyright 2011, with permission from Elsevier]
Compound Mixing ratios [ppb]
Formaldehyde 11 – 171
Acetone 17 – 136
Acetaldehyde 5 – 87
Hydroxyacetone 5 – 43
Methyl vinyl ketone 2 – 38
Methacrolein 2 – 36
Glyoxal 3 – 54
Methylglyoxal 1 – 20
Benzaldehyde 8 – 60
Campholenic aldehyde 2 – 36
Nopinone 3 – 43
Pinonaldehyde 0.02 – 0.13
The present study tested the effect of break-through behaviour and positive artefacts 
on the filter measurements.
3.2.1 Denuder Break-Through and Evaluation of Positive Sampling Artefacts 
on Filters
Break-through  values  were  determined  for  both  XAD-4  and  XAD-4/DNPH 
denuders. The sampling volume was kept constant using 0.6 m3 and a flow rate of 
10 L min-1 for 1 h that was applied for all the experiments. The residence time of the 
sample gas in the denuder tube is approximately 0.5 seconds for a sampling flow rate 
of 10 L min-1 and the Reynolds number is far below 2000. An extra XAD-4/DNPH 
denuder was connected downstream from the first denuder to determine the break-




Break-through potential [% ] = ( Amount detected in downstream denuderΣ Amount detected in upstream and downstream denuder )x 100
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A low break-through potential  indicates that the denuder has a high performance. 
Table 3-5 summarises the break-through potential under dry (RH < 3%) and humid 
(RH 50%) conditions at a flow rate of 10 L min-1. The comparison shows that in-situ 
derivatisation on a denuder reduces the break-through potential, with the exception 
of acetaldehyde that shows no significant difference between these two conditions. A 
similar  improvement  was  reported  for  XAD-4/PFBHA-  over  XAD-4-coated 
denuders, especially when sampling times were longer (Temime et al., 2007). It is 
noted that the extraction efficiencies of carbonyl-hydrazones, which are formed on 
XAD-4/DNPH-coated  denuders  directly,  largely  depend on their  solubility  in  the 
extraction solvent and their affinity to the absorbent material (i.e., XAD-4).
Table  3-5.  Break-through potential  and fraction  of  carbonyl  compounds on  filter 
material for denuders coated with XAD-4 and XAD-4/DNPH. 
[Reprinted  from  J.  Chromatogr.  B,  879,  Kahnt  et  al.,  Denuder  sampling  techniques  for  the 
determination of gas-phase carbonyl compounds: A comparison and characterisation of in situ and ex 
situ derivatisation methods, 1402-1411, Copyright 2011, with permission from Elsevier]
Break-through 
potential (%)
Fraction detected on 
filter (%)
< 3% RH 50% RH < 3% RH 50% RH
Compound 10 Lmin-1 10 Lmin-1 10 Lmin-1 10 Lmin-1
Formaldehyde XAD-4 49 67 0 0.6
XAD-4/DNPH 44 9.5 0.5 0.2
Acetone XAD-4 95 96 19 8.7
XAD-4/DNPH 6.4 2.1 0 0
Acetaldehyde XAD-4 16 35 0.9 0
XAD-4/DNPH 24 20 0 0
Hydroxyacetone XAD-4 19 98 1.9 0
XAD-4/DNPH 1.4 0 0 0
Methyl vinyl ketone XAD-4 92 98 1.6 4.9
XAD-4/DNPH 11 0.9 0 0.1
Methacrolein XAD-4 100 100 0 0
XAD-4/DNPH 3.1 0 0 0
Glyoxal XAD-4 42 91 5.9 36
XAD-4/DNPH 35 23 1.3 0.9
Methylglyoxal XAD-4 8.9 100 2.2 12
XAD-4/DNPH 0 0 7.1 0.6
Benzaldehyde XAD-4 0 20 0 36
XAD-4/DNPH 0.2 0.4 0 0
Campholenic aldehyde XAD-4 0 0 0 0
XAD-4/DNPH 0 0 0 0
Nopinone XAD-4 0 0 0 0
XAD-4/DNPH 0 0 0 0
Pinonaldehyde XAD-4 0.1 0.3 0.2 0.5
XAD-4/DNPH 0.4 11 0.3 0.2
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For the XAD-4-coated denuder, insufficient adsorption of the resin is suggested as 
the  primary  reason for  high break-through values.  In  particular,  smaller  carbonyl 
compounds are detected only at trace levels from the first XAD-4 denuder and are 
detected mostly in the second downstream XAD-4/DNPH denuder. It is noted that 
even  if  the  in-situ  derivatisation  improves  the  collection  efficiency  of  carbonyl 
compounds,  care  must  be  taken for  compounds  that  do  not  derivatise  well  with 
DNPH. For example, glyoxal reacts slowly with DNPH (Nakajima et al., 2007) and 
may polymerise in  any sample apparatus  once it  is  collected  from the  gas-phase 
(ibid.). A relatively small equilibrium constant for the DNPH derivatisation reaction 
was  reported  for  hydroxyacetone  (Zhou  et  al.,  2009),  which  demonstrates  the 
difference between individual species.
A  low  break-through  potential,  for  example  as  observed  for  benzaldehyde, 
campholenic  aldehyde  and  nopinone  from  XAD-4/DNPH  denuders,  does  not 
necessarily  correspond  to  a  complete  collection  of  carbonyl  compounds  in 
accordance  with  earlier  studies (Kleindienst  et  al.,  1998;  Grosjean  and Grosjean, 
1995a, 1996a; Herrington et al., 2007). The derivatisation reaction is reversible and 
depends  on  several  factors  such  as  relative  humidity,  temperature,  flow  rate, 
sampling  duration,  substrate  moisture  content,  pH  level  and  the  strength  of  the 
derivatisation  reagent.  As  described  by  Herrington  et  al.  (2007),  inadequate 
parameters  can  result  in  incomplete  derivatisation  and  can  cause  low  collection 
efficiencies.
The  positive  effects  of  humid air  on  the  sampling  of  carbonyl  compounds  were 
demonstrated  previously  with  DNPH-impregnated  cartridges  (Grosjean  and 
Grossjean, 1996a) and DNPH-only-coated denuders (Kallinger and Niessner, 1997). 
The collection efficiency of formaldehyde on DNPH-only-coated denuders reached a 
maximum at 50% RH (Possanzini and Di Palo, 1999); a similar effect was observed 
in the present study. This is consistent with the reaction mechanisms of the acid-
catalysed  derivatisation  reaction  between  DNPH  and  carbonyl  compounds  since 
water is necessary to make protons available for the reaction. Other reasons for poor 
performance  under  dry  conditions  are  the  formation  of  protonated  DNPH and  a 
DNPH  salt  that  hinders  derivatisation  (Grosjean  and  Grossjean,  1996a).  The 
collection of carbonyl compounds on XAD-4 denuders showed a reverse trend in the 
present study, i.e., higher break-through potential under humid conditions. This was 
explained by the formation of a water layer on top of the XAD-4 resin under humid 
conditions that hindered the adsorption of carbonyl compounds.
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Positive Artefacts on Filters 
Although  no  particles  were  present  in  the  evaluation  experiments,  filters  were 
connected after the denuder tube in order to evaluate a positive artefact from the 
adsorption of  gaseous carbonyl  compounds.  The fraction of  carbonyl  compounds 
detected on the filter was calculated as follows:
(Eq-6)
When XAD-4/DNPH denuders were used to sample gas-phase carbonyl compounds, 
positive artefacts on the filters were negligible for all compounds (Table 3-5). As 
described above, the trapping by XAD-4-only-coated denuders was not sufficient for 
some of  the  carbonyl  compounds,  which  were  adsorbed up to  36% in  the  filter 
material  at  a  sampling flow rate  of  10 L min-1.  Table  3-5 shows that  dicarbonyl 
compounds,  in  particular,  had  high  adsorption values  to  the  filter  material.  High 
adsorption values were also reported for glyoxal and methylglyoxal in the literature 
where off-line PFBHA derivatisation from XAD-4-coated denuders was compared to 
polyurethane foams (Sax et al., 2003).
3.2.2 Interferences of Ozone on Denuder Sampling
Atmospheric  oxidants such as OH and NO3 radicals  or ozone can react  with the 
denuder  sorbent  (XAD-4),  DNPH  or  carbonyl-hydrazones.  Both  negative  and 
positive  sampling  artefacts  were  reported  in  the  literature,  mainly  for  reactions 
between DNPH and ozone (Kleindienst et al., 1998; Smith et al., 1989; Arnts and 
Tajeda,  1989) or NO2 (Karst  et  al.,  1993; Potter and Karst,  1996).  The extent  of 
artefact formation depends on the sorbent type, ozone concentration, DNPH loading 
and the amount of sampled carbonyl compounds (Pires and Carvalho, 1998).
In the present study, excess DNPH was applied on the denuder surface so that the  
DNPH could react with the oxidants rather than the carbonyl-DNPH derivatives. In 
the present  study,  no evidence  of artefact  formation  inside the denuder tube was 
found in ozone exposure experiments. The range of determined concentrations was 
comparable  to  the  other  experiments.  The  present  investigation  cannot  conclude 
whether  the  variations  resulted  from  ozone  reactions  with  trapped  carbonyl-
hydrazones and/or the XAD-4 resin, or if they resulted from the variability between 
different denuder tubes. Kallinger and Niessner (1997) tested annular denuders in 
high NO2 and ozone environments and reported that reactions between the carbonyl-
hydrazone and these oxidants are  unlikely as long as DNPH is available  in  high 
excess. 
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Fraction on filter [% ] = ( Amount detected in filterΣ ( Amount detected in denuder and filter) )x 100
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3.2.3 Denuder Calibration Studies using a Chamber Facility
In  order  to  take  into  account  the  losses  and  errors  associated  with  the  denuder 
sampling and sample preparation steps, the mixing ratios of the gaseous carbonyl 
compounds  in  the  LEAK  chamber  were  related  to  the  carbonyl-DNPH 
concentrations  of  the  denuder  extracts  that  were  determined  with  HPLC/(-)ESI-
TOFMS.  Twelve  denuder  tubes  (six  XAD-4-  and  six  XAD-4/DNPH-coated 
denuders) were used in the present study. The resulting error bars in the calibration 
curves  also  include  variations  in  the  single  denuder  properties  that  might  be  a 
consequence of  the  XAD-4 or  DNPH coating.  The denuder  sampling  parameters 
used  in  the  present  study  were  10  L  min-1 and  50%  RH  for  all  calibration 
experiments. Blank values were taken without introducing carbonyl compounds into 
the chamber and were used as the zero point for the calibration curves. During the 
calibration  experiments,  the  PTR-MS was  used  to  measure  the  mixing  ratios  of 
carbonyl  compounds in  the chamber.  Their  signals  were  plotted as  a  function of 
carbonyl compound mixing ratios in the chamber and good linear responses with 
small standard deviations were obtained for all the compounds studied; therefore, 
variations in the denuders originated solely from their performances rather than the 
standard deviation in the mixing ratios (Figure 8 in Appendix A). 
Table 3-6 shows that the RSD values for the XAD-4 denuders were higher than 20% 
for most of the compounds.
Table 3-6. Calibration range, coefficient of determination (R2), RSD% and a number 
of repetitions (n) for the XAD-4-coated denuder calibration experiment. 
[Reprinted  from  J.  Chromatogr.  B,  879,  Kahnt  et  al.,  Denuder  sampling  techniques  for  the 
determination of gas-phase carbonyl compounds: A comparison and characterisation of in situ and ex 
situ derivatisation methods, 1402-1411, Copyright 2011, with permission from Elsevier]
Mixing ratio range 
for calibration
R2 RSD Mixing ratio for RSD% 
determination
n
Compound [ppb] [%] [ppb]
Formaldehyde 11 – 171 – 39 21 3
Acetone 17 – 136 – 30 34 4
Acetaldehyde 5 – 87 – 31 11 4
Hydroxyacetone 5 – 43 0.956 27 5 4
Methyl vinyl ketone 2 – 38 – 27 5 4
Methacrolein 2 – 36 – – – N.A.
Glyoxal 3 – 54 – 16 7 4
Methylglyoxal 1 – 20 – – – N.A.
Benzaldehyde 8 – 60 0.942 21 8 4
Campholenic aldehyde 2 – 36 0.993 40 5 4
Nopinone 3 – 43 0.993 6 5 4
Pinonaldehyde 0.02 – 0.13 0.983 11 0.05 4
N.A. = Not Applicable
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Due to large RSD values observed at each calibration point, calibration curves were 
only  obtained  for  relatively  large  monoterpene  originating  compounds.  These 
compounds showed somewhat better RSD values than smaller carbonyl compounds 
at  lower  mixing  ratios  (Figure  9  in  Appendix  A).  The  XAD-4  denuders  are 
ineffective  for  trapping  high  vapour  pressure  carbonyl  compounds  such  as 
formaldehyde, acetone and acetaldehyde, as well as dicarbonyl compounds such as 
glyoxal and methylglyoxal. This is also apparent in the significantly higher break-
through potential for the carbonyl compounds displayed in Table 3-5. The results 
illustrate that the XAD-4-coated denuders are not suitable for the sampling of smaller  
and polar carbonyl compounds.
The  XAD-4/DNPH  denuders  showed  much  lower  RSD  values  for  most  of  the 
compounds  compared  to  the  XAD-4  denuder  (Table  3-7).  Therefore,  the 
XAD-4/DNPH  denuders  produced  better  calibration  curves  (Figure  10  in 
Appendix A) and more reproducible measurements. 
Table 3-7. Calibration range, coefficient of determination (R2), RSD% and a number 
of repetitions (n) for the XAD-4/DNPH-coated denuder calibration experiment.
[Reprinted  from  J.  Chromatogr.  B,  879,  Kahnt  et  al.,  Denuder  sampling  techniques  for  the 
determination of gas-phase carbonyl compounds: A comparison and characterisation of in situ and ex 
situ derivatisation methods, 1402-1411, Copyright 2011, with permission from Elsevier]
Mixing ratio range 
for calibration
R2 RSD Mixing ratio for RSD% 
determination
n
Compound [ppb] [%] [ppb]
Formaldehyde 11 – 171 – 28 21 3
Acetone 17 – 136 0.961 14 34 4
Acetaldehyde 5 – 87 – 16 11 4
Hydroxyacetone 5 – 43 0.962 16 5 4
Methyl vinyl ketone 2 – 38 0.982 9 5 4
Methacrolein 2 – 36 0.983 18 9 3
Glyoxal 3 – 54 – 4 7 4
Methylglyoxal 1 – 20 – 32 3 3
Benzaldehyde 8 – 60 0.947 7 8 4
Campholenic aldehyde 2 – 36 0.966 20 5 3
Nopinone 3 – 43 0.991 7 5 4
Pinonaldehyde 0.02 – 0.13 0.934 18 0.05 4
Linear calibration curves  were obtained for benzaldehyde,  campholenic aldehyde, 
hydroxyacetone, methacrolein, methyl vinyl ketone, nopinone and pinonaldehyde. A 
quadratic  calibration curve was obtained for acetone.  The R2 values ranged from 
0.934 for pinonaldehyde to 0.997 for acetone. The calibration curves in Figure 10 
(Appendix  A)  showed that  higher  RSD values  were  observed for  higher  mixing 
ratios.  For  most  of  the  compounds  (acetone,  acetaldehyde,  benzaldehyde, 
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hydroxyacetone,  methacrolein,  methyl  vinyl  ketone,  campholenic  aldehyde  and 
pinonaldehyde) calibration curves were obtained for limited ranges of mixing ratios 
due to the high RSD values obtained for the highest mixing ratio used (Table 3-7). 
Nevertheless, the XAD-4/DNPH denuders provided good RSD values and the ranges 
of  quantifiable  mixing  ratios  are  sufficiently  wide  for  most  smog  chamber 
applications.
Similar  to  the  XAD-4-coated  denuders,  no  calibration  curves  were  obtained  for 
formaldehyde, glyoxal and methylglyoxal due to their poor reproducibility and the 
discrepancy  between  the  mixing  ratios  in  the  chamber  and  the  carbonyl-DNPH 
concentrations  in  the  denuder  extracts.  Overall,  notable  improvements  in  lower 
break-through  and  RSD values  were  primarily  observed  from smaller  and  polar 
carbonyl  compounds  when  the  combination  of  XAD-4  and  DNPH  coating  was 
applied on the denuders. Furthermore, XAD-4/DNPH-coated denuders improved the 
method’s LOD values in comparison to XAD-4-coated denuders (Table 3-8). The 
denuder extracts from the lowest mixing ratio experiments were used to determine 
the LOD values. After the extracts were prepared for the analysis, they were diluted 
step-wise until the analyte peak areas reached three times the baseline noise of the 
blank samples (S/N = 3). 
The  LOD  values  for  the  XAD-4/DNPH  denuder  were  sufficiently  low  and  are 
comparable to previously reported ambient mixing ratios (Table 3-8). This indicates 
that  the  technique  may  be  suitable  for  the  determination  of  ambient  carbonyl 
compounds  that  were  tested  for  this  technique,  and  further  demonstrates  the 
suitability  of  XAD-4/DNPH denuders  over  XAD-4 denuders  for  the sampling of 
gaseous carbonyl  compounds.  Despite  these findings,  care  must  be taken for  the 
LOD values  since  they are only estimates.  The method’s  LOD values  cannot  be 
readily obtained from direct chamber measurements due to large errors associated 
with vapour loss at the injection and sampling port, as well as to chamber walls in the 
sub ppb range. Another study recently demonstrated particularly high wall losses of 
carbonyl compounds with larger carbon numbers (Matsunaga and Ziemann, 2010) 
and small polar carbonyl compounds such as glyoxal (Loza et al., 2010). 
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Table 3-8. Limit of detection for XAD-4- and XAD-4/DNPH-coated denuders and comparison with reported ambient mixing ratios.
[Reprinted from J. Chromatogr. B, 879, Kahnt et al., Denuder sampling techniques for the determination of gas-phase carbonyl compounds: A comparison and characterisation  
of in situ and ex situ derivatisation methods, 1402-1411, Copyright 2011, with permission from Elsevier]







Formaldehyde 0.2 0.2 1.5 – 13 FTIR White system, DOAS White 
system, Hantzsch, C18 DNPH cartridges
Hak et al. (2005)
Acetone 0.5 0.3 0.9 – 2.5 Silica DNPH cartriges Christensen et al. (2000)
Acetaldehyde 0.2 0.2 0.4 – 1.5 Silica DNPH cartriges Christensen et al. (2000)
Hydroxyacetone 5.4 0.3 0.372 DNPH coil sampler Zhou et al. (2009)
Methyl vinyl ketone 0.6 0.02 0.245 – 0.339 PFBHA impinger Spaulding et al. (1999)
Methacrolein N.A. 0.1 0.1 – 3.7 (rural), 
0.2 – 5.7 (urban)
C18 DNPH cartridges Wiedinmyer et al. (2001)
Glyoxal 0.1 0.02 0.067 PFBHA coated denuder Ortiz et al. (2009)
Methylglyoxal 0.1 0.1 0.146 PFBHA coated denuder Ortiz et al. (2009)
Benzaldehyde 0.03 0.01 0.005 C18 DNPH cartridges Hellén et al. (2004)
Campholenic aldehyde 0.1 0.04 – – –
Nopinone 0.04 0.04 1.59 C18 DNPH cartridges Hellén et al. (2004)
Pinonaldehyde [ppt] 0.9 0.9 0.14 CIMS Sellegri et al. (2005)
* This study; N.A. = Not Applicable
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3.2.4 Spiking Experiments
Compounds that could not be transferred reliably and quantitatively into the gas-
phase  for  chamber  experiments  were  used  for  denuder-spiking  experiments. 
Especially  for  standard  compounds  that  are  available  only  in  solid  states  of 
aggregation,  for  example  norpinonic acid and pinonic acid,  this  method is  better 
suited  for  quantification  since  this  procedure  includes  possible  losses  from  the 
sample preparation.  For a  conclusive  investigation,  the spiking  experiments  were 
also performed with other carbonyl-hydrazones. Carbonyl-hydrazones were applied 
on XAD-4/DNPH denuders and were later extracted using acetonitrile. The results 
were corrected for denuder blank values and are summarised in Table 3-9. Overall, 
the respective recoveries are acceptable.
Table  3-9.  Recoveries  of  carbonyl-hydrazones  from denuder  spiking  experiments 
using XAD-4/DNPH denuders.










Campholenic aldehyde 65 5
Nopinone 81 5
Pinonaldehyde 121 32
Pinonic acid 74 3
Norpinonic acid 67 10
In general, hydrazones from dicarbonyl compounds showed higher variable results, 
i.e.,  pinonaldehyde  and  glyoxal.  Methylglyoxal,  pinonaldehyde  and  smaller  and 
functionalised  carbonyl  compounds,  such  as  formaldehyde  and  hydroxyacetone, 
resulted in recoveries larger than 100%. This demonstrates further uncertainties in 
their analysis. 
For the quantification of semivolatile carbonyl compounds, it is recommended to use 
the calibration curves against the chamber facility instead of the results from the 
spiking experiments.  Since the carbonyl-hydrazone was applied in  liquid form, a 
good  extraction  with  acetonitrile  is  expected.  Denuder  spiking  studies  were  also 
performed using the carbonyl compound itself, which resulted in non-reproducible 
results. Large errors are associated with such a procedure since large losses due to 
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evaporation can occur. A sampling method that involves physical trapping by a resin 
from the gas-phase cannot be compared to spiking experiments because it will result 
in uncertain quantification. 
3.3 Summary and Conclusion
Carbonyl compounds originating from monoterpene oxidation were investigated for 
optimised derivatisation conditions using an acidified DNPH solution in acetonitrile. 
The present study shows that all of the investigated compounds behaved differently 
under the tested parameters such as excess of DNPH and phosphoric acid, as well as 
reaction temperature and time. It was demonstrated that longer reaction times are 
required compared to the literature and a derivatisation over night is recommended. 
Furthermore  moderate  acid  concentration  should  be  applied  to  catalyse  the 
derivatisation. The acid should be removed afterwards for example by a solid phase 
extraction (SPE) step enabling the analysis with HPLC/(-)ESI-TOFMS.
The  determination  of  carbonyl  compounds  from  the  gas-phase  used  a  denuder 
sampling system. The denuder coating with XAD-4 resin was adapted from Eaton 
(2003)  and the  procedure  is  described in  detail  in  the  experimental  section.  The 
following important steps needs to be considered: (i) The denuder tube needs to be 
cleaned  by  solvents  before  the  coating  procedure  begins  in  order  to  remove 
contaminants.  (ii)  The  slurry  of  XAD-4  in  hexane  should  be  ultrasonicated  for 
minimum  30  min  to  prepare  homogeneous  slurry.  This  slurry  needs  to  be  kept 
homogeneous throughout the entire procedure to prevent non-uniform coating, and 
(iii) after the denuder is filled to approximately 80% of its volume, the XAD-4 slurry 
needs to be distributed all over the inner denuder surface. Therefore, the denuder is 
carefully  inverted  20 times.  (iv)  Each layer  of  XAD-4 coating  requires  a  drying 
process. First, a stream of nitrogen is applied, followed by a vacuum drying step to 
reduce surface roughness. (v) Each coating and drying cycle is repeated seven times, 
and (vi) the excess XAD-4 on the denuder is removed by cleaning it with hexane. 
After drying, the denuder ends are dipped in n-hexane and are ultrasonicated for 15 
sec  without  wetting  the  coated  surface.  (vii)  Before  using  the  denuder  tubes  for 
chamber experiments, the denuder needs to be cleaned again by a solvent extraction 
step. (viii) Finally, it is recommended that the denuder tubes are recoated after five 
uses.
The denuder performance was evaluated using two different denuder/filter sampling 
systems.  Different  sampling parameters  were investigated since they significantly 
influence  the  denuder  performance.  Singly  XAD-4-coated  denuders,  which  were 
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used  for  an  off-line  DNPH  derivatisation  procedure,  showed  a  relatively  high 
break-through potential  and were prone to highly variable  results  in the different 
experiments.  Furthermore,  a  calibration  curve  was  only  obtained  for  limited 
compounds. 
In comparison, XAD-4/DNPH denuders showed the lowest break-through potential 
and the most stable and highest recoveries. This demonstrated an improvement in the 
reduction of positive filter artefacts when an on-line derivatisation procedure was 
applied. The best results were obtained under humid conditions with a flow rate of 10 
L min-1, therefore, these operating conditions were applied to monoterpene oxidation 
experiments (see the following sections). 
In  combination  with  the  calibration  experiments,  an  improved  quantification 
procedure  was  obtained  using  a  chamber  facility  for  selected  compounds.  The 
application  of  similar  operation  conditions  and  sample  preparation  procedures 
enabled a more reliable quantification of gaseous carbonyl compounds. Although this 
method is labour intensive, it can provide important information about the product 
distribution in the gas- and particle-phases. 
With the formation of stable carbonyl-hydrazones,  they can be stored longer and 
additional  techniques  can  be  applied  to  elucidate  the  structure  of  individual 
compounds. This sampling and analytical technique can help to identify important 
intermediates involved in SOA formation.
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3.4 Application of the Denuder-Filter Sampling Technique to 
Aerosol Chamber Experiments 
The previously developed denuder/filter sampling technique was used to study the 
ozonolysis of α- and β-pinene under different experimental conditions. This chapter 
discusses the results and aims to enhance knowledge on the influence of different 
seed particle acidities, as well as the addition of an OH radical scavenger, on SOA 
formation and the distribution of the gas- and particle-phase products. The carbonyl 
compound  analysis  from the  denuder  extracts  and  its  comparison  to  the  on-line 
PTR-MS  measurement  provides  insight  into  the  structures  of  semivolatile 
compounds and the time-evolution of these gas-phase products. 
Ozonolysis of α-Pinene and β-Pinene
Ozonolysis is an important atmospheric sink for monoterpenes (Atkinson, 1997) as 
well  as a major atmospheric process leading to SOA formation (Hoffmann et al., 
1997;  Griffin  et  al.,  1999a;  Bonn  and  Moortgat,  2002);  however,  the  reaction 
mechanisms and products involved in this process are far from being understood. 
Although these biogenic VOCs and their reactions with ozone have been the subject 
of intense investigation over the last few decades, only several oxidation products 
have  been  positively  identified.  The  detection  and  characterisation  of  the  most 
important SOA precursors and the pathways leading to SOA formation are necessary 
to describe and predict the aerosol burden in atmospheric chemical transport models 
and general circulation models (Hallquist et al., 2009). 
The ozonolysis of  α- and  β-pinene yields OH radicals  that react further with the 
precursor  monoterpene  as  well  as  the  oxidation  products.  Therefore,  ozonolysis 
reactions are often studied in the presence of an OH radical scavenger to exclude the 
influence of OH reactions and reduce complexity. Laboratory studies showed that a 
type of OH radical scavenger used in the ozonolysis experiments had a significant 
impact on the SOA yields (Keywood et al., 2004a; Docherty and Ziemann, 2003; 
Docherty et al., 2005; Iinuma et al., 2005; Jonsson et al., 2008a). Furthermore, the 
NOx level  (Presto  et  al.,  2005b;  Pathak  et  al.,  2007b;  Zhang et  al.,  2006),  seed 
particle acidity (Czoschke et al., 2003; Czoschke and Jang, 2006; Gao et al., 2004a,b; 
Iinuma et al., 2004, 2005; Northcross and Jang, 2007; Tolocka et al., 2004), relative 
humidity (Cocker et al., 2001c; Jonsson et al., 2006, 2008a,b; von Hessberg et al., 
2009)  and  temperature  (Jonsson  et  al.,  2008b;  Pathak  et  al.,  2007a,  2008; 
von Hessberg  et  al.,  2009;  Saathoff  et  al.,  2009)  affect  SOA  formation  from 
monoterpene ozonolysis.
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Previous studies have shown that the main influence of OH scavengers arises from 
their ability to change the HO2/RO2 ratio in the alkene ozonolysis systems. This leads 
to increased or decreased SOA formation, depending on the structures of the alkenes 
(Docherty and Ziemann, 2003; Docherty et al., 2005; Keywood et al., 2004a; Iinuma 
et al., 2005; Jonsson et al., 2008a), although the exact role of the HO2/RO2  ratio on 
the SOA yield, the structure and the SOA yield relationship are still debated to this 
date. 
The reactions of the scavengers with OH radicals influence the formation of HO2 and 
RO2 radicals and, therefore, affect the further reactions of the peroxy radicals. In the 
case of CO, the OH radicals are directly converted to HO2 radicals (see R-56).
(R-56)
When 2-butanol is used as a scavenger, the reaction with OH forms HO2 and RO2 
radicals (see R-57) that leads to an intermediate HO2/RO2 ratio in the system.
(R-57)
The application of cyclohexane as a scavenger results in a cyclohexylperoxy radical 
(see R-58) that contributes to the pool of RO2 radicals and leads to a low HO2/RO2 
ratio.  However,  it  is assumed that the products of the cyclohexane and 2-butanol 
oxidation have no direct influence on SOA formation (Jenkin et al., 2004).
(R-58)
Figure 3-14 shows simulated HO2/RO2 ratios based on the data provided in Keywood 
et  al.  (2004a)  where  the  HO2/RO2  ratio  increased  in  the  order  of 
cyclohexane < 2-butanol < CO.
OH + CO (+ O2 ) → HO2 + CO2
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Figure 3-14. Simulated HO2/RO2 ratios by Keywood et al. (2004a) for the ozonolysis 
of  200 ppb cyclohexene  in  the  presence  of  CO (circle),  2-butanol  (triangle)  and 
cyclohexane  (hexagon)  as  OH  radical  scavengers.  RO2 species  include  RO2 
originating from a parent hydrocarbon and a scavenger. 
It  is  noted that  the HO2/RO2  ratio  likely lies  between 2-butanol and cyclohexane 
systems when no scavenger is used since the reaction between an OH radical and a 
precursor alkene or an oxidation product generally leads to the formation of a RO2 
radical. In the present study, a high HO2/RO2 ratio represents CO experiments (i.e., a 
ratio  above 0.7) while  a  low HO2/RO2 ratio  represents  no-scavenger  experiments 
(i.e., ratios between cyclohexane and 2-butanol).
The HO2/RO2 ratio is particularly important when the formation of a product involves 
self- and cross-reactions of RO2  radicals. For tertiary RO2 radicals in particular, the 
reaction with HO2 radicals becomes very important since tertiary RO2 generally have 
low reactivity with respect to self- and cross-reactions with other RO2  radicals (e.g., 
Lesclaux, 1997).
Keywood et al. (2004a) showed that a higher HO2/RO2 ratio leads to increased SOA 
formation for the ozonolysis of an endocyclic VOC (cyclohexene). In their study, the 
addition of cyclohexane as an OH scavenger gave the lowest SOA yield, followed by 
2-butanol and CO, which suggests that the increased HO2 concentrations enhanced 
the formation of aerosol. Since the rate constant reported for the cyclohexene ozone 
reaction was 8.1 x 10-17 mol cm-3 s-1 (Keywood et al., 2004a), a similar trend was 
expected  for  the  α-pinene  ozonolysis,  which  has  a  very  close  rate  constant 
3 Results and Discussion 75
(kα-pinene = 8.4  x  10-17 mol  cm-3 s-1).  The  chemical  reactions  and  rate  constants 
reported by Keywood et al. (2004a) were implemented in the COPASI model 4.8 to 
simulate resulting HO2/RO2 ratios under the conditions applied in the present study. 
The COPASI model is  an open-source software to  solve mathematical models of 
biochemical  and  other  processes.  A detailed  description  can  be  found  elsewhere 
(e.g., Hoops et al.,  2006). The following concentrations were used in the COPASI 
model in the present study: 100 ppb α-pinene, 60 ppb ozone, 105 ppm scavenger for 
OH scavenger experiments or 0 ppm scavenger for non-OH scavenger experiments. 
As  shown  in  Figure  3-15,  an  increasing  HO2/RO2  ratio  in  the  order  of 
cyclohexane < no scavenger < 2-butanol < CO was obtained. The results agree well 
with the trend modelled by Keywood et al. (2004a). 
Figure 3-15. Simulated HO2/RO2  ratios for the reaction of 100 ppb  α-pinene with 
60 ppb  O3 in  the  absence  of  an  OH  radical  scavenger  (black)  compared  to  the 
presence of cyclohexane (red), 2-butanol (green) and CO (blue) using the COPASI 
model under the conditions used in the present study. 
The HO2/RO2 ratio is slightly higher for the present study with CO than the value 
obtained  from  Keywood  et  al.  (2004a).  This  is  most  likely  due  to  different 
experimental  conditions  and  the  way  the  ozone  was  introduced  in  the  study  by 
Keywood et  al.  (2004a).  In the study of Keywood et  al.  (2004a),  the ozone was 
constantly  injected during  the  course  of  the  experiments  with  a  concentration  of 
factor 3 larger than the parent hydrocarbon. 
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Jenkin et al. (2004) performed another modelling study that reported HO2/RO2 ratios. 
Their  values are lower than the investigation by Keywood et al.  (2004a) and the 
present study though a similar trend in HO2/RO2 ratios is  reported.  For  α-pinene 
ozonolysis, the addition of an OH scavenger was modelled to give an HO2/RO2 ratio 
of 8.3 x 10-4  for cyclohexane,  5.5 x 10-3  for 2-butanol and 5.0 x 10-4 for no OH 
scavenger (Jenkin et al., 2004). However, the SOA yields reported by Jenkin et al. 
(2004) were inconsistent with those of Keywood et al. (2004a). 
Aerosol  chamber  experiments  are  often  performed  at  much  higher  VOC 
concentrations than in the ambient atmosphere, and the reaction of OH radicals with 
precursor  VOCs in the ozonolysis  leads  to  much higher RO2 levels.  Usually,  the 
concentration  of  HO2 radicals  exceeds  that  of  RO2 in  the  atmosphere.  Reported 
ambient HO2/RO2 ratios for clean conditions (NOx mixing ratio less than 100 ppt) are 
between 0.25 and 1.33 (e.g., Stevens et al., 1997; Hanke et al., 2002; Mihelcic et al., 
2003; Fuchs et al., 2008; Hornbrook et al., 2011). CO is an attractive OH scavenger 
for aerosol chamber experiments because it produces an HO2/RO2 ratio of 1, which is 
close to the ambient atmosphere. Since NO concentration was below the detection 
limit of 0.5 ppb in the present laboratory study, the reactions between peroxy radicals 
and NO can be largely ignored under the experimental conditions (i.e., much higher 
HO2 and RO2 concentrations). 
Based  on  the  SOA yields  and  suggested  reaction  mechanisms  reported  in  the 
literature, it was expected that the HO2/RO2 ratios would have an influence on the 
oxidation  product  distribution,  and  consequently,  the  partitioning  behaviours  of 
semivolatile  compounds.  Characterising  the  product  distribution  and  partitioning 
behaviour  under  more  atmospherically  relevant  conditions  is  an  essential  step 
towards obtaining a better description of the chemistry that leads to SOA formation. 
To  this  end,  a  series  of  α-pinene  and  β-pinene  ozonolysis  experiments  were 
performed in the presence and absence of CO (Table 3-10). Moreover, the effect of 
seed particle  acidities was examined in conjunction with the OH scavenger.  This 
section  discusses  the  observed SOA yields  and growth behaviours  in  detail.  The 
detected gas- and particle-phase products will be summarised, and their structures 
will be presented in a later section. Fragmentation studies and their comparison to 
structurally  analogous  compounds  were  performed  to  elucidate  the  structures  of 
selected  products.  Their  gas-  and  particle-phase  yields  were  determined  using 
authentic  standards,  or  they  were  estimated  using  surrogate  compounds. 
Furthermore, the partitioning coefficients were calculated for selected compounds.
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Table 3-10. Experimental conditions and results for the α- and β-pinene ozonolysis.
























23.09.2010 α-pinene 100 60 - - - < 1 21 2.5 60 41 112 0.40
30.09.2010 α-pinene 100 60 - 31 mM Na2SO4 7 45 21 3.3 73 39 114 0.29
01.10.2010 α-pinene 100 60 105 31 mM Na2SO4 7 50 21 3.4 50 46 67 0.24
02.03.2010 α-pinene 100 60 - 30 mM (NH4)2SO4 / 10 mM 
H2SO4
2 50 20 3.5 64 46 105 0.30
10.01.2011 α-pinene 100 60 105 30 mM (NH4)2SO4 / 10 mM 
H2SO4
2 51 20 3.5 57 50 101 0.32
20.03.2008 α-pinene 100 60 - 10 mM NH4HSO4 / 10 mM 
(NH4)2SO4 / 20 mM NH4NO3
2 50 22 2.5 60 42 82 0.25
02.05.2008 α-pinene 100 60 - 50 mM NH4HSO4 0.1 49 22 2.5 59 41 112 0.34
17.04.2008 α-pinene 60 30 - 15 mM (NH4)2SO4 / 25 mM 
H2SO4
0 48 23 2.5 23 14 20 0.15
16.04.2008 α-pinene 30 60 - 15 mM (NH4)2SO4 / 25 mM 
H2SO4
0 48 22 2.5 22 14 21 0.17
14.04.2011 β-pinene 100 60 - 31 mM Na2SO4 7 52 20 3.5 26 23 17 0.13
13.04.2011 β-pinene 100 60 105 31 mM Na2SO4 7 51 20 3.5 22 23 4 0.03
24.11.2010 β-pinene 300 100 315 30 mM (NH4)2SO4 / 10 mM 
H2SO4
2 51 21 1.9 56 48 45 0.11
03.03.2011 β-pinene 100 60 - 30 mM (NH4)2SO4 / 10 mM 
H2SO4
2 52 20 3.5 29 25 20 0.13
3 Results and Discussion 78
























21.03.2011 β-pinene 100 60 105 30 mM (NH4)2SO4 / 10 mM 
H2SO4
2 52 20 3.5 23 24 7 0.05
22.06.2010 β-pinene 50 60 105 30 mM (NH4)2SO4 / 10 mM 
H2SO4
2 50 20 6.1 13 25 3 0.04
08.05.2008 β-pinene 100 60 - 50 mM NH4HSO4 0.1 47 23 2.5 20 19 20 0.18
a The pH values were calculated using the extended aerosol thermodynamic model E-AIM (Clegg et al., 1998) http://www.aim.env.uea.ac.uk/aim/aim.php; 
HC: Hydrocarbon; RH: relative humidity; T: temperature.
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3.4.1 Ozonolysis of α-Pinene 
3.4.1.1 SOA Yields and Aerosol Formation 
The SOA yields were calculated from the mass of formed organic aerosol [µg m-3] 
divided  by  the  mass  of  reacted  monoterpene  [µg  m-3].  The  aerosol  density  was 
assumed  to  be  1  g  cm-3 since  pinic  acid,  which  is  one  of  the  major  oxidation 
products, has a density of 1.09 g cm-3. A SOA yield curve, which plots the aerosol 
yield as a function of the formed organic aerosol mass, was fitted using Equation 7 
(Eq-7) following the two-product approach from Odum et al. (1996). 
(Eq-7)
Although most previous studies fitted the α and K values for both semivolatile and 
low volatile compounds to describe the SOA yield curve, it was found that a single α 
and K value for a low volatile compound provides a better fit under the experimental 
conditions used in the present study. This suggests that the volatilities of the formed 
oxidation  products,  which  participate  in  SOA formation,  are  very  low,  and  the 
contribution  of  volatile  species,  such  as  pinonaldehyde,  to  SOA  is  likely 
insignificant, which is in agreement with field studies (Kavouras et al., 1998; Plewka 
et al., 2006; Cahill et al., 2006). Furthermore, the organic mass concentration in the 
present  study  is  much  lower  than  some  earlier  studies,  and  the  effect  of  the 
absorptive partitioning mechanism is insignificant under the experimental conditions 
used in the present investigation.
Figure 3-16 shows the comparison of SOA yield curves between the ozonolysis of 
α-pinene with and without CO. An influence on the SOA yield was only observed 
when  acidic  seed  particles  were  used.  On  the  basis  of  the  results  from  the 
cyclohexene ozonolysis experiments and an associated modelling study, Keywood 
et al.  (2004a)  suggested  that  a  high  HO2/RO2 ratio  leads  to  a  pronounced  SOA 
formation for endocyclic compounds such as α-pinene. Indeed, the results from the 
present  study are  consistent  with  their  study.  A strong influence  of  seed  particle 
acidity on the SOA yields of a high HO2/RO2 ratio experiment (CO or H2O2 as an OH 
scavenger) was not reported in past studies.
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Figure 3-16. SOA yield curves from the α-pinene ozonolysis experiments with (open 
circle) and without CO (filled circle) for different seed particle acidities (left - pH 7, 
right – pH 2).
Table 3-11 summarises the influences of OH scavengers and seed particle acidities 
on  SOA yields  in  the  present  study,  compared to  earlier  investigations  that  used 
different OH scavengers. As can be seen, most of the studies reported higher SOA 
yields  for  experiments  with  higher  HO2/RO2 ratios  than  low  HO2/RO2 ratios 
(i.e., H2O2 > 1-butanol or 2-butanol > cyclohexane) from the  α-pinene ozonolysis 
(Iinuma et al., 2005; Jonsson et al., 2008a; Henry and Donahue, 2011). 
Table 3-11. Effect on SOA production for the ozonolysis of  α-pinene compared to 
published experimental data using different OH scavengers.




SOA a, wo > SOA n, wo > SOA a, 2-B >
SOA n, 2-B > SOA n, CH > SOA a, CH








SOA wo > SOA2-B > SOACH Jonsson et al. (2008a)
2-Butanol, 
H2O2
SOA H2O2 > SOA 2-B (cOA > 10 μg m-3)
SOA H2O2 = SOA 2-B (cOA < 10 μg m-3)




SOA a, CO > SOAa, wo ≥ SOAn, wo = SOAn, CO This study
a acidic seed particles;  n neutral seed particles;  wo without scavenger;  2-B  2-butanol;  CH cyclohexane; 
1-P 1-propanol.
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It was noted that Henry and Donahue (2011) utilised H2O2 as an OH scavenger that 
solely produced HO2 radicals under dark conditions, leading to a high HO2/RO2 ratio 
similar  to  the  present  study.  Henry  and  Donahue  (2011)  observed a  pronounced 
increase  in  the  SOA  mass  fraction  at  a  higher  organic  aerosol  concentration 
(> 10 µg m-3)  when  H2O2 was  present,  while  both  2-butanol  and  H2O2 showed 
comparable  SOA mass  fractions  when  the  concentration  of  organic  aerosol  was 
below 10 µg m-3. In contrast, an experimental study by Docherty et al. (2005) and a 
modelling  study  by  Jenkin  (2004)  reported  a  marginal  effect  of  various  OH 
scavengers on SOA yields.
The study performed by Jenkin (2004) used the MCM v.3.1 model to examine the 
effect of different HO2/RO2 ratios on the yields of specific oxidation products and 
SOA yields. Therefore, the MCM model was optimised and tested against a number 
of available experimental data representing a wide variety of experimental conditions 
such as initial VOC concentrations, temperature, relative humidity, the presence of 
OH scavengers and seed particles. Unlike the results summarised in Table 3-11, the 
modelled  SOA yield  was  slightly  lower  for  the  simulation  with  an  intermediate 
HO2/RO2 ratio  (2-butanol)  than  that  of  the  low  HO2/RO2 ratio  (cyclohexane), 
especially  when the  organic  aerosol  mass  was  below 150 µg m-3.  Jenkin  (2004) 
attributed the  marginal  difference in  SOA yields  between two simulation runs  to 
RO2-permutation reactions that led to the formation of the least volatile oxidation 
products.  Therefore,  the  calculated  SOA yield  follows  the  HO2/RO2 ratio  in  the 
MCM model. It was noted that Jenkin (2004) reported the lowest SOA yield for the 
simulation without an OH scavenger, unlike the experimental results summarised in 
Table 3-11, because the reaction between  α-pinene and OH, which produces more 
volatile  compounds  than  the  ozonolysis,  accounts  for  40%  of  the  α-pinene 
consumption. The precise reason for the discrepancy between the modelling study by 
Jenkin (2004) and the available experimental results for  α-pinene ozonolysis is not 
clear at this moment. However, to account for the difference between cyclohexene 
(Keywood et al., 2004a) and α-pinene ozonolysis, Jenkin (2004) suggested that the 
reaction  was  directed  towards  the  formation  of  multifunctional  C5  and  C6 
compounds  in  cyclohexene  ozonolysis  at  a  higher  HO2/RO2 ratio  than  the 
fragmentation reactions that form smaller C4 compounds in the absence of the OH 
scavenger. The fragmentation reactions likely had little influence on the volatility of 
the α-pinene ozonolysis products, since the change from C10 to C8 compounds did 
not change the volatility as dramatically as the change from C6 to C4 compounds.
As described in the Introduction (section 1.4.1), gas-phase ozonolysis follows the 
Criegee mechanism, which involves a 1,3-cycloaddition of O3 to the alkene double 
bond under  atmospheric  conditions.  The primary  ozonide  decomposes  since  it  is 
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formed with an excess of vibrational energy producing the Criegee Intermediate (CI) 
and a carbonyl compound. As the CI is also formed with an excess of energy, it 
mainly decomposes unimolecularly and the remaining fraction can be stabilised and 
react further (Stabilised Criegee Intermediate channel). As presented in section 1.4.1, 
three possible channels exist for the unimolecular decomposition of the CI—the ester 
channel,  the  hydroperoxide  channel  or  O-atom  elimination.  The  hydroperoxide 
channel  was  considered  the  dominant  channel  in  α-pinene  ozonolysis  since  this 
process leads to OH radical formation, and high OH yields were determined ranging 
between 0.68 and 0.91 (Atkinson et al., 1992; Chew and Atkinson, 1996; Paulson 
et al., 1998; Rickard et al., 1999; Siese et al., 2001; Aschmann et al., 2003; Berndt 
et al., 2003). As shown in R-22 in section 1.4.1, an acyl-alky radical is also formed in 
the hydroperoxide channel that can react further with O2 and produce RO2 radicals. 
At  this  point,  the  RO2 radicals  are  subjected  to  a  number  of  different  reaction 
pathways,  but  the  reaction  with  the  HO2 radical  likely  dominated  in  the  high 
HO2/RO2 conditions (i.e., CO as an OH scavenger) used in the present study. This 
leads to the formation of C10 hydroperoxide (the red box in Figure 3-17). 
Figure  3-17.  Hydroperoxide  channel  in  α-pinene  ozonolysis.  The  hydroperoxide 
formed in this  channel is  depicted in  the red box (adapted from Docherty et  al., 
2005).
As discussed by Docherty et al. (2005), hydroperoxides may react with an aldehyde 
to form a less volatile peroxyhemiacetal in the particle-phase. The formation of a 
peroxyhemiacetal from a hydroperoxide and an aldehyde requires acidity (Tobias and 
Ziemann,  2000),  which  may  partly  explain  the  higher  SOA yield  under  high 
HO2/RO2 conditions in the presence of acidic seed particles.
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SOA mass formation as a function of the reacted parent hydrocarbon results in a 
so-called  growth  curve  (Kroll  and  Seinfeld,  2005;  Ng  et  al.,  2006).  This  is  a 
particularly  useful  expression  to  interpret  SOA  formation  and  its  underlying 
mechanisms. Figure 3-18 shows that much higher ΔM values were observed at given 
ΔHC values  in  the  presence  of  acidic  seed  particles,  with  and  without  CO.  As 
described by Kroll and Seinfeld (2005), an increase in  ΔM at a given  ΔHC in the 
growth  curve  corresponds  to  a  higher  gas-particle  partitioning  coefficient  of  the 
condensable  products  (Kom),  a  higher  stoichiometric  yield  of  the  condensable 
products or a combination of both parameters.
Figure 3-18. SOA growth curves  from the  α-pinene  ozonolysis experiments  with 
(triangle) and without CO (circle) as an OH scavenger with different seed particle 
acidities (filled symbol for pH 7 and open symbol for pH 2).
It was noted that particles were also formed during the blank experiments with CO 
and ozone in the chamber, although the formed particle mass was negligibly small 
(< 0.1  μg m-3) compared to a typical SOA mass observed in the present study (see 
Figure 3-19),  which is  unlikely to explain the higher  ΔM value observed for the 
experiment with CO under the acidic condition. No gas- or particle-phase products 
were  detected  in  the  blank  experiment.  The  particle  formation  in  the  blank 
experiment likely originated from the reaction between a metal carbonyl compound
—that was present in the CO bottle as an impurity—and ozone.
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Figure 3-19. The produced aerosol mass from the blank experiment when the ozone 
and CO were present in the chamber (filled circle). The  α-pinene / O3 / CO pH 2 
experiment is shown for comparison (open circle).
Morris and Niki (1970) were the first to report that nickel and iron carbonyls react 
with ozone. The resulting chemiluminescence from this reaction has been used to 
measure  the  level  of  Ni(CO)4 in  air  (Stedman  and  Tammaro,  1976;  Stedman 
et al., 1979; Houpt et al., 1982) as well as other transition metal carbonyls (Burgard 
et al., 2006)  since  they  are  toxic  compounds.  Furthermore,  the  reaction  between 
Fe(CO)5 and ozone produces aerosol that is most likely an iron oxide (FeO)x with a 
very small particle size (Groth et al., 1974).
The  presence  of  acidic  seed  particles  is  known  to  enhance  SOA formation  in 
monoterpene  oxidation  experiments  (Czoschke  et  al.,  2003;  Czoschke  and 
Jang, 2006;  Gao  et  al.,  2004a,b;  Iinuma  et  al.,  2004,  2005;  Jaoui  et  al.,  2008; 
Kleindienst  et  al.,  2006;  Northcross  and  Jang,  2007;  Offenberg  et  al.,  2009; 
Tolocka et  al.,  2004).  It  is  suggested  that  this  effect  is  related  to  acid-catalysed 
accretion reactions on the aerosol surface or in the bulk particle-phase, which leads 
to the formation of compounds with higher molecular weight. The aforementioned 
laboratory studies suggested several processes such as hydration, acetal/hemiacetal 
formation and/or aldol condensation and acid-catalysed polymerisation of carbonyl 
compounds (Jang and Kamens,  2001a;  Jang et  al.,  2002;  2003a,b;  2004;  Tolocka 
et al.,  2004); moreover, polymerisation of unsaturated precursor hydrocarbons was 
also described (Liggio et al., 2007; Liggio and Li 2008; Limbeck et al., 2003). Other 
processes discussed in the literature include hydrolysis of epoxides (Minerath and 
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Elrod, 2009;  Minerath et  al.,  2009; Chan et  al.,  2010; Cole-Filipiak et  al.,  2010; 
Surratt  et  al.,  2010),  carbocation  rearrangement,  trioxane  formation  (Jang  et  al., 
2004)  and  organic  esterification  (Liggio  and  Li,  2006a,b;  Surratt  et  al.  2007a,b; 
Iinuma et al., 2007a,b). It is generally thought that a non-reversible up-take process 
in the particle-phase increases the SOA yields in these experiments. Interestingly, 
acid-catalysed reactions and SOA yields appeared to be further enhanced under high 
HO2/RO2 conditions in the present study (Figure 3-20). One study reported a similar 
effect of seed particle acidities and different OH scavengers on SOA yields (Iinuma 
et al., 2005, see Table 3-11.). 
Figure 3-20. SOA yield curves from α-pinene ozonolysis experiments with different 
seed  particles  acidities.  Experiments  with  CO as  the  OH radical  scavenger  (left) 
show a more pronounced acidity effect compared to experiments where no scavenger 
was added (right). 
The study performed by Iinuma et al.  (2005) showed that  enhanced SOA growth 
occurred in the presence of acidic seed particles when 2-butanol or no scavenger 
were present. In contrast, the addition of cyclohexane resulted in a slightly reduced 
SOA mass in the presence of acidic seed particles (Iinuma et al., 2005). The results 
from the  present  study  follow the  trend revealed  in  the  investigation  by  Iinuma 
et al. (2005) where an increase in the HO2/RO2 ratio resulted in higher aerosol yields 
in the presence of acidic seed particles for α-pinene ozonolysis. 
Comparison of SOA Yields with Literature Data 
The  SOA yield  curves  obtained  in  the  present  study were  compared to  the  data 
available in the literature (Figure 3-21). In order to facilitate the comparison of a 
large number of data points, the data obtained in the present study were plotted in 
colour  and  the  data  from the  other  studies  were  plotted  in  greyscale.  When the 
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literature provided the parameters for the two-product model (i.e., α and K), the data 
were used to plot the 2-product model equation instead of the data points. The data 
were plotted in a traditional linear plot (Figure 3-21 A) and a more recent common 
semi-log plot (Figure 3-21 B). The former plot was suitable for the comparison of 
SOA yields in the higher ΔM region, and the latter was suitable for the comparison of 
SOA yields in the lower ΔM region.
Figure 3-21. Comparison of α-pinene ozonolysis SOA yield curves from the present 
study (coloured  symbols)  and published data  (greyscale  symbols).  All  four  plots 
show the same data set, but with a different organic mass (ΔM) axis scale to facilitate 
the comparison. (A) Linear plot and (B) semi-log plot showing ΔM up to 120 μg m-3, 
and (C) linear plot and (D) semi-log plot showing ΔM up to 20 μg m-3.
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In all the ΔM regions shown in Figure 3-21, it is apparent that the SOA yields shown 
in greyscale were below those of the coloured symbols, except for several points. 
Some  of  the  major  differences  that  likely  influenced  the  SOA yields  were  the 
temperature and type of the OH scavengers used in the experiments. Most of the 
experiments with lower SOA yields than the present study were conducted using 
2-butanol  as  an  OH  scavenger  and  at  higher  temperatures,  ranging  from 28  °C 
(Cocker et al., 2001c) to 48.9 °C (Hoffmann et al., 1997). Higher SOA yields under 
high HO2/RO2 conditions (i.e., experiments with CO) than the intermediate HO2/RO2 
condition  (i.e.,  experiments  with  2-butanol)  are  consistent  with  the  results  by 
Keywood et al.  (2004a) and Iinuma et al.  (2005). Indeed, the results obtained by 
Henry and Donahue (2011) under high HO2/RO2 conditions using H2O2 as an OH 
scavenger (black filled triangle in Figure 3-21) are relatively consistent, with slightly 
higher SOA yields at lower organic mass loadings and lower SOA yields at higher 
organic mass loadings for the present study (green filled triangle in Figure 3-21). On 
the other hand, it appears that temperature has a much smaller influence on SOA 
yields  than  the  HO2/RO2 ratios.  It  has  been  reported  that  the  mass  of  α-pinene 
ozonolysis SOA decreases between 0.4 and 3.6% as the temperature increases by 1 K 
(Stanier et al., 2007). Nevertheless, even the upper limit of this range (3.6% K -1) is 
insufficient to explain the discrepancy found in similar experiments performed in the 
present  study  [e.g.,  the  experiment  with  NH4HSO4 seed  at  22°C,  orange  square 
symbol, and at 26°C with 2-butanol (light grey square symbol) from Cocker et al. 
(2001c)]. Other major differences in these experiments included the organic aerosol 
mass loadings and the amounts of reacted α-pinene and ozone. It has been reported 
that past experiments with higher organic mass loadings and hydrocarbon conversion 
likely  underestimated  the  SOA yields  at  lower  organic  mass  loadings  due  to  a 
significant  loss  of  semivolatile  organic  compounds to  the  chamber walls  (Pathak 
et al.,  2007a; Shilling et al.,  2008). Indeed, the experiments without seed particles 
from Pathak et  al.  (2007a)  agreed with the results  in  the present  study,  but  they 
showed lower SOA yields than those reported by Cocker et al. (2001c). Although 
similar  experimental  conditions  (i.e.,  30°C,  2-butanol)  were  applied  by  Pathak 
et al. (2007a) and Cocker et al. (2001c), the difference in SOA yield was significant 
at low organic mass loadings below the α-pinene conversion of 75 ppb. Mastunaga 
and Ziemann (2010) recently demonstrated that the adsorption of organics on Teflon 
chamber walls can be immensely high, which indicates that the wall effects and SOA 
yields obtained in the present study may be underestimated compared to the true 
values. 
At organic mass loadings below 5  μg m-3, the SOA yields obtained in the present 
study agree reasonably well with those from Shilling et al. (2008) (the grey band in 
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Figure  3-21).  This  is  especially  true  for  the  experiments  that  had  a  lower  HC 
conversion and no OH scavenger in the presence of highly acidic seed particles (dark 
orange diamonds), lower pH values (light orange squares) or high HO2/RO2 ratios 
(green triangles). On the basis of their results, Shilling et al. (2008) concluded that 
oligomeric  compounds,  or  highly  oxygenated  compounds  with  very  low  vapour 
pressures,  were  crucial  to  SOA formation  at  low  organic  mass  loadings.  This 
conclusion  is  consistent  with  findings  from  the  present  investigation  that  the 
favourable  conditions  for  the  formation  of  accretion  compounds,  such  as 
peroxyhemiacetals (higher HO2/RO2 ratio and acidity) and esters (high acidity), lead 
to the higher SOA yields. However, due to the aforementioned wall effects, it is still 
likely that the SOA yields obtained in the present study are lower than the real SOA 
yields  in  the  ambient  atmosphere,  especially  under  low  organic  mass  loading 
conditions. Further studies are warranted to improve the accuracy of SOA yields at 
low organic  mass  loadings  and hydrocarbon conversions  that  are  relevant  to  the 
ambient atmosphere.
3.4.1.2 Identification of Gas-Phase Products and their Roles in SOA Formation
Comparison of PTR-MS and Denuder Data
The gaseous oxidation products were sampled and analysed using various analytical 
techniques to obtain more information about their molecular structures and their roles 
in particle growth.
During the ozonolysis experiments,  the PTR-MS was operated in a scan mode to 
allow an  overview of  oxidation  products  and their  fragments.  The PTR-MS is  a 
potentially powerful tool that provides time-resolved data; however, one must keep 
in  mind that  overlapping  m/z signals  from isobaric isomer compounds cannot  be 
separated  in  this  instrument.  Furthermore,  the  PTR-MS  cannot  differentiate 
fragments that occur at the same m/z, but originate from different oxidation products. 
Therefore,  it  is  essential  to  characterise  the  fragmentation  behaviours  and  the 
responses of the oxidation products for a better quantification with this technique. 
Due  to  the  lack  of  authentic  standards  for  many  of  the  monoterpene  oxidation 
products, only selected compounds could be determined reliably in the present study. 
Nevertheless, an effort was made to study the time-resolved gas-phase processes that 
led to SOA formation using the PTR-MS data. 
Table 3-12 summarises the complete list  of detected signals (i.e.,  mass to  charge 
ratios, m/z). Most of the detected m/z signals from the PTR-MS measurements were 
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in  agreement  with  a  previous  study by Lee  et  al.  (2006).  The signals  that  were 
reported  by  Lee et  al.  (2006),  but  were  too weak  to  be  assigned as  products  or 
fragments in the present study included m/z 79, 117, 147 and 185. Additional signals 
that were not reported by Lee et al. (2006) but were observed in the present study 
include  m/z 83,  85,  99,  153  and  157.  Another  study  that  used  CIR-TOF-MS 
(Chemical-Ionization-Reaction  Time  of  Flight  Mass  Spectrometry)  reported  the 
signals at m/z 99, 153 and 157 (Camredon et al., 2010) from the α-pinene ozonolysis. 
The authors reported additional signals at m/z 139 and 173, which were not detected 
in the present study.
Table  3-12.  Detected  signals  from  PTR-MS  [M+H]+  during  the  ozonolysis  of 
α-pinene in the present study.
Experiment m/z from products, fragments and suggested compounds
α-pinene 59 (acetone), 61 (acetic acid), 69, 71, 73, 75, 83, 85, 87, 97, 99, 107, 111, 
113, 115, 123, 125, 127, 129, 133, 141, 143, 149, 151+169 (pinonaldehyde), 
153 (α-pinene oxide, campholenic adehyde), 155 (norpinonaldehyde), 157, 
165, 167, 169 (hydroxy-pinanon + pinonaldehyde), 171 (pinandiol, 
norpinonic acid and isomers), 183 (oxo-pinonaldehyde)
Camredon  et  al.  (2010)  assigned  m/z 99  and  153  as  fragments  originating  from 
oxidation products with higher Mw than the detected m/z values, and suggested three 
different  structures  for  (an)  m/z  157  compound(s)  without  further  confirmation: 
C9H16O2, C7H8O4 and C8H12O3 (Figure 3-22, top). 
Figure 3-22. Suggested products for the signal at  m/z 157 (top) and 173 (bottom) 
detected by CIR-TOF-MS (Camredon et al., 2010).
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The additional signal at  m/z 139 was proposed as a fragment of pinonic acid, while 
the signal at m/z 173 was suggested to be related to the following three compounds: 
two isobaric isomers of C9H16O3 (one containing a hydroperoxide functionality and 
the other containing a dihydroxy-ketone) and norpinic acid C8H12O4 (Figure 3-22, 
bottom).
Table 3-13 summarises all  of the detected carbonyl-hydrazones from the denuder 
analysis, along with the elemental composition of the carbonyl compound and the 
tentative  structures.  References  are  provided for  the  compounds described in  the 
literature  and for  the  authors  who first  observed these  compounds.  Some of  the 
previously reported carbonyl compounds were not detected in the denuder samples. 
This was the case for the proposed tetracarbonyl compound (C7H8O4) and both of the 
C9H16O3 compounds  suggested  by  Camredon  et  al.  (2010).  A  reason  for  this 
discrepancy  might  be  the  different  analytical  techniques  used.  For  instance, 
Camredon  et  al.  (2010)  applied  an  on-line  instrument  (CIR-TOF-MS)  without 
separating or derivatising the compounds present in the continuously sampled air. In 
contrast, gaseous oxidation products were sampled at the end of the experiments in 
the  present  study  using  a  denuder  technique  with  the  application  of  an  in-situ 
derivatisation  method.  Although  it  might  be  possible  that  individual  compounds 
could not be sufficiently trapped by the denuder or were converted inefficiently into 
their carbonyl-hydrazones, the analysis using HPLC/(-)ESI-TOFMS can provide data 
to confirm the presence and number of carbonyl groups in a molecule. This allowed 
for  the  detection  and  confirmation  of  certain  compounds  that  were  previously 
suggested by chemical mechanisms or were proposed with high uncertainty (shown 
in red boxes in Table 3-13). For example, terpenylic aldehyde was recently suggested 
in a mechanism to describe the formation of terpenylic acid (Claeys et al., 2009). The 
present  study successfully  detected  this  intermediate,  which  will  be  discussed  in 
section  3.4.1.3.  Another  example  is  1-[3-(hydroxy-methyl)-2,2-dimethyl-
cyclobutyl]ethanone that could not be discriminated from another m/z signal in a past 
study using a multistep derivatisation (Yu et al., 1998). The technique applied in the 
present  investigation  could  support  the  suggested  structure  as  the  elemental 
composition and the number of carbonyl groups could be determined. Furthermore, a 
compound  could  be  identified  (i.e.,  verbenone),  that  was  only  reported  in  one 
previous study (Schrader et al., 2005).
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Table 3-13. Summary of the carbonyl compounds detected in the denuder samples of the α-pinene ozonolysis in the present study. Compounds 
























Suggested name Suggested 
structure
Also reported in
303 303.1098 13.8 C14H15N4O4 0.2 C8H12O 1 124





Yokouchi and Ambe 
(1985); 
Schrader et al. (2005)
319 319.1409 14.8 C15H19N4O4 1.0 C9H16O 1 140 Yokouchi and Ambe 
(1985)
329 329.1259 14.4 C16H17N4O4 -1.3 C10H14O 1 150 Verbenone Schrader et al. (2005)
331 331.1413 14.9 C16H19N4O4 -0.3 C10H16O 1 152 Campholenic 
aldehyde
Jaoui and Kamens 
(2003a)
335_1 335.1016 6.8 C14H15N4O6 -5.7 C8H12O3 1 156 Terpenylic 
aldehyde
Claeys et al. (2009)
335_2 335.1001 7.4 C14H15N4O6 -1.1 C8H12O3 1 156 Norpinalic acid Yu et al. (1998)
























Suggested name Suggested 
structure
Also reported in




Yu et al. (1998)
349 349.1138 9.9 C15H17N4O6 4.4 C9H14O3 1 170 Norpinonic acid Hatakeyama et al. 
(1989)
361 361.1154 13.2 C16H17N4O6 -0.2 C10H14O3 1 182
363_1 363.1305 9.1 C16H19N4O6 1.3 C10H16O3 1 184
363_2 363.1319 10.1 C16H19N4O6 -2.5 C10H16O3 1 184 Pinonic acid Yokouchi and Ambe 
(1985)
363_3 363.1306 12.6 C16H19N4O6 1.0 C10H16O3 1 184
363_4 363.1308 13.1 C16H19N4O6 0.4 C10H16O3 1 184
475 475.1317 14.7 C18H19N8O8 3.1 C6H12O2 2 132
499 499.1325 15.5 C20H19N8O8 1.3 C8H12O2 2 140 2,2-Dimethyl-
cyclobutyl-1,3-
dicarbaldehyde
Yu et al. (1999b)
























Suggested name Suggested 
structure
Also reported in
513 513.1492 16.0 C21H21N8O8 -0.9 C9H14O2 2 154 Norpinonaldehyde Hatakeyama et al. 
(1989)
517 517.1416 13.4 C20H21N8O9 4.1 C8H14O3 2 158
525 525.1481 15.5 C22H21N8O8 1.3 C10H14O2 2 166
527 527.1647 16.1 C22H23N8O8 -0.6 C10H16O2 2 168 Pinonaldehyde Hull (1981)
541 541.1427 13.7 C22H21N8O9 1.9 C10H14O3 2 182
543 543.1579 15.0 C22H23N8O9 2.6 C10H16O3 2 184 Hydroxy-
pinonaldehyde
Hull (1981)
545 545.1387 15.4 C21H21N8O10 -0.1 C9H14O4 2 186
557_3 557.1412 14.7 C22H21N8O10 -4.6 C10H14O4 2 198 Oxo-pinonic acid 
isomer
e.g. Jang and Kamens 
(1999)
559 559.1547 15.3 C22H23N8O10 -0.8 C10H16O4 2 200
721 721.1648 17.4 C28H25N12O12 9.9 C10H14O3 3 182 Oxo-pinonaldehyde Yokouchi and Ambe 
(1985)
3 Results and Discussion
Table 3-14 summarises the carbonyl compounds that could be related to the signals 
from the PTR-MS measurements and the denuder analysis. 
Table 3-14. A list of m/z values detected by the PTR-MS from the α-pinene 





































C10H14O 1 150 Verbenone
151 527 
(C22H23N8O8-)
C10H16O2 2 168 Pinonaldehyde 
fragment 
157 335_1 and 
335_2 
(C14H15N4O6-)














C10H14O3 3 182 Oxo-
pinonaldehyde
The  chemical  structures  were  tentatively  elucidated  for  some of  the  compounds 
summarised in Table 3-14. To this end, two additional experiments were performed. 
One approach was to use an additional sampling system with a TENAX TA cartridge 
and a subsequent  thermal  desorption GC/MS. Another approach was to oxidise a 
structurally analogous compound as a precursor VOC in chamber experiments.
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Detection of Verbenone using PTR-MS, Denuder and Thermal Desorption GC/MS  
Analysis
The TENAX TA cartridge traps gaseous compounds in its porous polymer composed 
of 2,6-diphenylene oxide. The sampled cartridges were directly analysed after the 
experiment using an automated thermal desorption GC/MS. This technique enabled a 
tentative identification of the Mw 150 compound that was detected at m/z 151 in the 
PTR-MS  measurements.  The  denuder  analysis  demonstrated  that  this  compound 
contains one carbonyl group with the chemical formula C10H14O. By comparing the 
thermal  desorption  GC/MS  spectra  and  the  NIST  library  mass  spectra,  this 
compound  was  tentatively  identified  as  verbenone  with  a  98%  spectral  match 
(Figure 3-23). 
Figure 3-23. GC/MS chromatograms from the TENAX TA cartridges showing the 
cartridge  blank  (top)  and  the  total  ion  chromatogram  (TIC)  from  the  α-pinene 
ozonolysis.  The compound with the retention time of 16.5 min is shown with its 
mass spectrum and is compared to the NIST library of verbenone.
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It is noted that the  m/z 151 signal is commonly used to quantify pinonaldehyde in 
PTR-MS measurements.  It  is  likely  that  PTR-MS-derived pinonaldehyde yield is 
overestimated when only the m/z 151 is used.
Oxidation of a Structurally Similar Compound
Another  approach  to  elucidate  certain  structures  is  to  perform  comparison 
experiments with structurally analogous compounds.  In the case of  α-pinene,  the 
hydroxy-functionalised analogue called myrtenol  was used (Figure 3-24, right)  to 
identify hydroxy-pinonaldehydes. 
Figure 3-24. Structures of α-pinene (left) and myrtenol (right) showing the structure 
analogy to each other.
The denuder samples from the myrtenol and  α-pinene experiments were compared 
and some of the oxidation products were found in both samples. For example, the 
hydrazones  detected  at  m/z 543  (Figure  3-25)  were  assigned  to  hydroxy-
pinonaldehyde  based  on  the  TOFMS  data  and  their  derivatisation  characteristics 
(i.e., di-DNPH formation with one non-derivatised oxygen in the molecule). 
As  shown  in  Figure  3-25,  two  peaks  were  detected  in  the  chromatograms.  The 
literature (e.g., Jaoui and Kamens, 2003a; Yu et al., 1999b) reports the formation of 
1-hydroxy-pinonaldehyde  and  10-hydroxy-pinonaldehyde  from  the  α-pinene 
ozonolysis.  As  the  ozonolysis  of  myrtenol  likely  produces  more  10-hydroxy-
pinonaldehyde, a large m/z 543 peak observed at 15 min in the myrtenol ozonolysis 
sample was identified as 10-hydroxy-pinonaldehyde.
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Figure  3-25.  Extracted  ion  chromatograms  of  hydroxy-pinonaldehyde  for  the 
denuder  samples  from  an  α-pinene  ozonolysis  experiment  (top)  and  a  myrtenol 
ozonolysis experiment (bottom).
1-Hydroxy-pinonaldehyde  and  10-hydroxy-pinonaldehyde  at  m/z 543  are  both 
expected to produce the same fragment  at  m/z 265 (C10H9N4O5-)  as shown in the 
proposed fragmentation mechanism in Figures 3-26 and 3-27, respectively. 
Figure 3-26. A proposed fragmentation mechanism for 1-hydroxy-pinonaldehyde.
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Figure 3-27. A proposed fragmentation mechanism for 10-hydroxy-pinonaldehyde.
As shown in Figure 3-28, similar fragmentation patterns were indeed observed for all 
of the detected m/z 543 compounds in the myrtenol (Figure 3-28, right) and α-pinene 
(Figure 3-28, left) ozonolysis samples. However, since the first generation oxidation 
product  from  the  myrtenol  ozonolysis  is  10-hydroxy-pinonaldehyde,  it  is  also 
possible that the two observed peaks at 6.8 min and 7.4 min were merely the E- and 
Z-isomers of 10-hydroxy-pinonaldehyde. Therefore, the detected m/z 543 compounds 
in  the  α-pinene  ozonolysis  were  likely  E-  and  Z-isomers  of  10-hydroxy-
pinonaldehyde as well.
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Figure  3-28.  MSMS  spectra  of  the  proposed  hydroxy-pinonaldehyde-DNPH  (m/z 543)  from the  myrtenol  (left)  and  the  α-pinene  (right) 
ozonolysis. Two isomers were detected from each sample. The upper part shows the first eluting peak and the lower part shows the second 
eluting peak. 
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Another oxidation product that was detected both in the myrtenol and the α-pinene 
ozonolysis denuder samples was a tri-DNPH-derivatised compound at  m/z 721 that 
was assigned to oxo-pinonaldehyde (Mw 182) (Figure 3-29).
Figure 3-29. Extracted ion chromatograms of oxo-pinonaldehyde from the denuder 
samples  of  an  α-pinene  ozonolysis  (top)  and  a  myrtenol  ozonolysis  experiment 
(bottom).
An additional Mw 182 compound containing one carbonyl group was detected in the 
denuder samples from the  α-pinene ozonolysis.  This monooxo-compound has the 
same C10H14O3 formula  as  oxo-pinonaldehyde.  The  monooxo  C10H14O3 (Mw 182) 
compound  was  detected  at  low  concentrations  in  the  denuder  samples.  Oxo-
pinonaldehyde, which is a structural isomer of the monooxo compound, was detected 
in  all  of  the  denuder  samples  and  showed  higher  concentrations  in  experiments 
where CO was present. The filter measurements showed that the oxo-pinonaldehyde 
partitioning  coefficient  increased  by  one  order  of  magnitude  when  acidic  seed 
particles  and  CO  were  present  (see  section  3.4.1.4).  In  contrast,  the  monooxo 
compound was not detected in the particle-phase.  For both types of experiments, 
with  and  without  CO,  an  increase  in  the  particle-phase  concentrations  of  oxo-
pinonaldehyde was detected using acidic seed particles.  This finding supports the 
theory that accretion reactions in the particle-phase drive the further partitioning of 
gas-phase  compounds  into  the  particle-phase,  as  suggested  in  earlier  studies 
(Czoschke and Jang 2006; Jang et al., 2004; Matsunaga et al., 2003). 
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The Evolution of PTR-MS Signals as a Function of Reacted Hydrocarbon
When some m/z values recorded in the PTR-MS data were plotted as a function of 
reacted hydrocarbon (ΔHC), they did not increase linearly with  ΔHC. These plots 
were classified into three major groups based on the shape of their curves observed 
during the experiments. Compounds that showed a linear curve to a reacted precursor 
were classified as products that are derived from the precursor directly (i.e.,  first 
generation  oxidation  products,  represented  by  the  red  line  in  Figure  3-30).  Later 
generations of oxidation products—formed after a certain amount of the precursor 
was consumed—resulted in a non-linear evolution with  ΔHC (the green and blue 
lines in Figure 3-30). Volatile and inert compounds that likely did not participate in 
further gas- and particle-phase reactions showed an exponential curve (the green line 
in Figure 3-30). Compounds that were most likely further processed showed signals 
that declined towards the higher ΔHC region (the blue curve in Figure 3-30). Such 
processes included for example further oxidation, uptake processes or other losses 
such as wall losses.
Figure  3-30.  Possible  curve  shapes  derived from the signal  evolution  of  gaseous 
oxidation products and fragments in relation to the reacted parent hydrocarbon (HC) 
using the PTR-MS instrument. This observational curve shapes might be related to 
specific formation or loss mechanisms. 
It must be emphasised that these specific curve shapes are only an observation. It 
represents a new data interpretation that might connect experiments and models to 
better describe SOA formation. 
In addition,  this plot can be further applied to individual PTR-MS  m/z signals to 
assign fragments originating from the same semivolatile compounds. When two m/z 
values  show a  good  correlation,  they  are  likely  to  have  originated  from similar 
oxidation  processes  or  the  same  precursor  semivolatile  compound.  Appendix  B 
provides a summary of the detected signals and their curve shapes. 
For  certain  signals,  a  change  in  curve  shape  was  observed  depending  on  the 
experimental conditions. This included fragments with m/z 97, 115, 149, 165 and 183 
(Figure 3-31). 
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Figure 3-31. Specific curve shapes for selected signals from the PTR-MS measurement that demonstrated a relationship with the experimental 
conditions. The x-axis shows the reacted α-pinene [ppb] and the y-axis shows the intensity of the formed signal that was normalised to the initial  
α-pinene concentration. The pinonaldehyde fragment at m/z 151 is shown in the blue box. 
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In comparison, the signal for pinonaldehyde at m/z 151 (Figure 3-31 in a blue box) 
showed  a  linear  increase  regardless  of  the  applied  experimental  conditions. 
Pinonaldehyde is a first generation oxidation product that is formed from the reaction 
of the SCI and water. Therefore, the presence of acidic or neutral seed particles or 
high  level  of  HO2 did  not  affect  its  formation  mechanism  and  no  change  was 
observed in the shape of the curve. In contrast, the signals at m/z 97, 115, 149, 165 
and 183 showed variations,  and their  decay at  a  given  ΔHC might  be related to 
secondary reactions such as a reactive up-take on the acidic seed.  In all of these 
fragments, only the signal at m/z 183 showed corresponding carbonyl compounds in 
the denuder sample. 
As described by Czoschke and Jang (2006), systems with higher aerosol yields are 
expected  to  have  lower  concentrations  of  gas-phase  compounds.  Slightly  lower 
concentrations were observed for the signals at m/z 97, 115, 149 and 165 when SOA 
yields were higher (i.e.,  acidic seed or CO experiments). A change in their curve 
shapes was observed in the α-pinene ozonolysis experiments, which demonstrated a 
linear curve when neutral  seed particles were present and an S-shape curve when 
pH 2 seed particles were present. 
The signals at m/z 97 and 115 demonstrated a similar trend in all the experiments and 
showed a correlation coefficient (R2) larger than 0.820. A mass difference of 18 amu 
between both signals can be related to a loss of H2O, which suggests that m/z 97 is a 
fragment of m/z 115. In addition, the m/z 115 signal correlated well with the signals 
from pinonaldehyde with R2 > 0.825. The signal at m/z 165 did not correlate with the 
other detected masses, whereas the  m/z 149 signal showed a good correlation with 
pinonaldehyde and its proposed fragments. It was deduced that m/z 115, 149 and 165 
compounds contain other functional groups aside from a carbonyl group since no 
corresponding hydrazones were detected in the denuder samples. The analysis from 
the filter extracts showed only small intensities of the corresponding [M-H-] signals 
at  m/z 113, 147 and 163. Additionally, no corresponding carbonyl compounds were 
detected in the filter samples. It may be possible that further oxidation products were 
formed  through  particle-phase  reactions  and  the  resulting  compounds  were  not 
detectable with the analytical techniques used in the present study.
Gas-Phase Product Yields
The compounds detected in the DNPH-coated denuders were quantified when the 
authentic standards were available. Otherwise, their concentrations were estimated 
using structurally similar standard compounds as surrogates.  Oxo-monocarboxylic 
acids (pinonic acid and norpinonic acid) were quantified in their hydrazone forms
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because  significant  improvements  were  observable  in  their  chromatographic 
separation and detection, compared to their non-derivatised forms (see Appendix C). 
Table 3-15 summarises the standard compounds used for the quantification of the 
oxidation  products.  Possible  losses  from  the  sample  preparation  procedure  were 
corrected either by the application of the calibration curves obtained from the LEAK 
chamber  (see  section  3.2.3)  or  from  the  recoveries  from  the  denuder  spiking 
experiments  (see  section  3.2.4).  However,  since  only  a  limited  number  of 
monoterpene-originating carbonyl compounds,  such as nopinone and campholenic 
aldehyde,  provided  appropriate  calibration  curves  during  the  LEAK  chamber 
calibration experiments, the concentrations for the majority of the oxidation products 
were estimated based on the denuder spiking experiments. The applied corrections 
were based on the determined recoveries from the denuders as listed in Table 3-9 in 
section 3.2.4. 
Table 3-15. Standard compounds and products for the quantification of oxidation 
products from the denuder samples derived from α-pinene ozonolysis.





363_3 and 363_4 (C10H16O3); 
379 (Hydroxy-pinonic acid); 
557_1, 557_2, 557_3 (Oxo-pinonic acid isomers)
Norpinonic 
acid-DNPH
335_1 (Terpenylic aldehyde); 












499 (C8H12O2; 2,2-Dimethyl-cyclobutyl-1,3-dicarbaldehyde); 
305 (C8H14O); 
319 (C9H16O)
All of the reported product yields in the following sections were calculated as molar 
yields and are summarised in Appendix C. Appendix C compares all of the analytical 
techniques used in the present study including the results from the PTR-MS data, 
denuder and filter analysis with respect to the experimental conditions. These data 
are also compared to the values reported in the literature.
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Comparing the PTR-MS and Denuder Results
This section discusses compounds with Mw 126, 140, 150, 152, 156 and 182 from the 
denuder samples (non-hydrazone forms) and their respective protonated forms with 
m/z 127, 141, 153, 157 and 183 from the PTR-MS measurements. Although there are 
quantification uncertainties in the PTR-MS signals based solely on the ratio of the 
response of the parent hydrocarbon to the primary ions, this method is commonly 
used for the quantification of oxidation products in smog chamber experiments. The 
results are summarised in Table 3-16.
Table 3-16. Comparison of gas-phase yields for selected signals from the PTR-MS 
(P) measurements. The results were compared with carbonyl compounds from the 








P 1 2 3 4 5 6
m/z
[M+H]+
P D P D P D P D P P
127 3.5 0.3 3.3 0.7 2.3 0.2 3.2 0.8 -
141 3.8 5.5 3.2 6.1 2.2 6.4 4.8 7.0 0.7 ± 0.2




153 4.1 4.7 7.1 5.8 4.1 10.3 7.8 5.2 5.4±0.6
157 0.7 2.8 1.1 3.9 0.7 2.8 0.7 3.6 -
183 1.5 trace 0.8 0.4 0.7 0.2 0.6 0.5 -
1: α-pinene / O3 pH 7 (30.09.2010); 2: α-pinene / O3 / CO pH 7 (01.10.2010); 3: α-pinene / O3 pH 2 
(02.03.2011);  4:  α-pinene  /  O3 /  CO  pH  2  (10.01.2011);  5:  Lee  et  al.  (2006):  α-pinene  / 
O3 / cyclohexane (NH4)2SO4 seed particles; 6: Tillmann et al. (2010): α-pinene / O3 / cyclohexane no 
seed particles; P: PTR-MS; D: XAD-4/DNPH denuder. 
A good agreement between the denuder and the PTR-MS results was obtained for the 
m/z 141,  153  and  183  compounds.  Although  the  yield  reported  for  the  Mw 140 
compound by Lee et al. (2006) is an order of magnitude smaller than in the present 
study, the yield for the m/z 151 compound was in a good agreement. Furthermore, the 
yield reported for the m/z 151 compound under humid conditions by Tillmann et al. 
(2010) is consistent with the result obtained in the present study.
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In  contrast,  there  was  a  large  discrepancy  between  the  yields  determined  in  the 
present  study  and  those  by  Lee  et  al.  (2006)  for  the  m/z 127,  151  and  157 
compounds.  Two  factors  may  be  responsible  for  this  discrepancy.  One  is  the 
overlapping of fragments in the PTR-MS signals, since the online analysis showed 
reproducibly  higher  yields  than  the  off-line  analysis.  In  particular,  the  fragments 
originating from multiple oxidation products could have led to an overestimation of 
the  PTR-MS-derived  concentrations.  One  example  is  the  prominent  fragment 
detected at  m/z 151 from pinonaldehyde that overlaps with verbenone at the same 
m/z value. Furthermore, hydroxy-pinanone could, theoretically, also contribute to the 
m/z 151 signal due to water loss from the molecule during the ionisation.
Although the denuder analysis is less likely to suffer from the overlapping peak—as 
demonstrated by the Mw 140, 150 and 182 compounds—the denuder technique itself 
might  have  been  a  cause  for  this  discrepancy.  This  sampling  and  derivatisation 
technique, which uses a multistep sample preparation, is prone to large uncertainties. 
In general,  off-line analysis  methods with a prior derivatisation step report  lower 
yields  than  on-line  analytical  methods  (Table  1  Appendix  C).  For  example,  the 
pinonaldehyde yields reported in the literature range dramatically from 0.3% (Fick 
et al.,  2003)  to  51% (Hatakeyama  et  al.,  1989),  and  a  wide  array  of  analytical 
methods has been used to determine these values. The study performed by Fick et al. 
(2003)  used  a  denuder/filter  sampling  technique  with  subsequent  derivatisation, 
while  the  investigation  by  Hatakeyama et  al.  (1989)  used  FT-IR for  the  product 
analysis. Pinonaldehyde is a highly sticky C10 dicarbonyl compound. Sampling and 
analysing this  compound can be challenging as significant  losses to  the chamber 
walls  and  sampling  lines  are  expected  (Matsunaga  and  Ziemann,  2010).  Further 
problems can arise from its polarity and high water solubility (Satsumabayashi et al., 
2001),  which  limits  the  extraction  of  pinonaldehyde  using  organic  solvents.  The 
reaction  between  DNPH  and  pinonaldehyde  forms  four  E-  and  Z-isomers  with 
variable ratios; therefore, reliable quantification may not be achieved. Pinonaldehyde 
can polymerise relatively quickly (Liggio and Li, 2006b), which further complicates 
the quantification process. 
The studies performed by Yu et al. (1999b) and Jaoui and Kamens (2003a) also used 
a denuder/filter combination for the monoterpene ozonolysis studies. In particular, Yu 
et  al.  (1999b)  have  provided  a  comprehensive  list  of  gas-  and  particle-phase 
oxidation products. The identified products and yields by Yu et al. (1999b) have been 
widely used in modelling studies (Jenkin, 2004; Chan et al., 2009; Ceulemans et al., 
2010) for the implementation of explicit chemical mechanisms. Yu et al. (1999b) also 
used  five-channel  annular  denuders  coated  with  XAD-4  resin.  In  contrast  to  the 
present  study,  an  off-line  multistep  derivatisation  method  was  used.  They  used 
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PFBHA (O-(2,3,4,5,6-Pentafluorobenzyl)hydroxylamine) for the derivatisation of the 
carbonyl groups and BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) for the OH 
and COOH groups. This allowed them to analyse samples using GC/MS. The data 
reported by Yu et al. (1999b) were compared to the results from the present study, 
since Jaoui and Kamens (2003a) performed chamber experiments with a mixture of 
α- and β-pinene and investigated the influence of sunlight and additional NOx. 
Since the DNPH/XAD-4-coated denuder used in the present study directly converts 
carbonyl  compounds  into  hydrazones  on  the  denuder  surface,  their  trapping  is 
expected to be much more efficient and produce higher gas-phase yields than in past 
studies. However, the yields obtained in the present study varied widely compared to 
the  literature  data.  As  can  be  seen  in  Appendix  C,  the  yields  of  pinonaldehyde, 
norpinonaldehyde  and  2,2-dimethyl-cyclobutyl-1,3-dicarbaldehyde  (Mw 140)  were 
indeed higher in the present study compared to those values reported by Yu et al. 
(1999b). On the other hand, the yields of hydroxy-pinonaldehyde, norpinonic acid, 
pinonic acid, hydroxy-pinonic acid and the tentatively identified oxo-pinonic acid 
isomers in the gas-phase were comparable or  somewhat  lower than the literature 
values. This inconsistent result may be related to the compound-specific sampling 
and derivatisation artefacts that cannot be addressed when surrogate compounds are 
used for their quantification. Furthermore, differences in the experimental conditions 
including  the  initial  hydrocarbon  concentrations,  initial  oxidant  concentrations, 
relative  humidity,  temperature,  type  of  OH  radical  scavenger,  duration  of  the 
experiment and type of seed particle can also influence the results.  However,  the 
different extraction procedures and analytical techniques may also account for the 
observed discrepancy. The study performed by Yu et al. (1999b) was conducted with 
higher  ozone  concentrations  at  306-308  K  under  dry  conditions.  In  addition, 
2-butanol was used as the OH scavenger and ammonium sulfate was used as seed 
particles.  The  sampling  began much later  in  the  study  by Yu  et  al.  (after  about 
5 - 6 hours of reaction) in comparison to the present study (after about 3.5 hours of 
reaction); therefore, the investigation by Yu et al. was more likely to be affected by 
wall losses than the present study. These differences likely account for the different 
yields between the two studies. 
The  present  study  also  investigated  the  influence  of  the  different  experimental 
conditions  on  the  yield of  carbonyl  compounds,  but  only  small  differences  were 
observed  for  most  of  the  compounds.  In  general,  slightly  higher  yields  were 
determined in the presence of CO than in the absence of CO. Gutbrod et al. (1997b) 
discussed an interference of CO reactions  that  led to  the additional  formation  of 
carbonyl compounds. They also reported that the reaction of CO with the SCI (R-59) 
was likely to play only a minor role since there was no observable increase in yield 
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for carbonyl compounds.
(R-59)
The present study found no significant difference between the acidic seed and the 
neutral seed experiments in terms of the gas-phase yields of the carbonyl compounds. 
In contrast, Czoschke and Jang (2006) reported a decrease of 11% in the total gas-
phase organic mass when acidic seed particles were used. It is likely that the high 
seed  particle  concentrations  used  in  the  study  performed  by  Czoschke  and  Jang 
(2006)  compared  to  the  present  investigation  (over  100  μg  m-3 and  20  μg  m-3, 
respectively),  pushed  the  partitioning  of  the  carbonyl  compounds  towards  the 
particle-phase,  which  led  to  the  significant  decrease  observed  in  the  gas-phase 
organic mass concentrations in their investigation.
3.4.1.3 Oxidation Products in the Particle-Phase
Identification of Products 
Half  of  the  filter  was  extracted  using  the  previously  described  procedure  (see 
section 2.4.2) and was analysed without further derivatisation. The other half of the 
filter  was  extracted  and  derivatised  with  DNPH  to  analyse  the  carbonyl  group 
containing  compounds  in  the  particle-phase.  Table  3-17  summarises  all  of  the 
detected particle-phase constituents with (a) carbonyl group(s) and provides tentative 
structures. 
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Suggested name Suggested 
structure
Also reported in
335 335.0637 2.5 C13H11N4O7 -1.0 C7H8O4 1 156
335_1 335.1004 6.8 C14H15N4O6 -2.0 C8H12O3 1 156 Terpenylic aldehyde Claeys et al. (2009)
335_2 335.1011 7.3 C14H15N4O6 -4.0 C8H12O3 1 156 Norpinalic acid Yu et al. (1998)
337 337.1148 8.6 C14H17N4O6 1.7 C8H14O3 1 158
349 349.1153 9.8 C15H17N4O6 0.2 C9H14O3 1 170 Norpinonic acid Hatakeyama et al. 
(1989)
363 363.1313 10.0 C16H19N4O6 -0.7 C10H16O3 1 184 Pinonic acid Yokouchi and Ambe 
(1985)
379 379.1256 5.0 C16H19N4O7 1.0 C10H16O4 1 200 Hydroxy-pinonic 
acid
Glasius et al. (1999)
513 513.1505 16.0 C21H21N8O8 -3.4 C9H14O2 2 154 Norpinonaldehyde Hatakeyama et al. 
(1989)
























Suggested name Suggested 
structure
Also reported in
527 527.1655 16.2 C22H23N8O8 -2.0 C10H16O2 2 168 Pinonaldehyde Hull (1981)
541 541.1426 15.2 C22H21N8O9 1.9 C10H14O3 2 182
543 543.1586 15.0 C22H23N8O9 1.3 C10H16O3 2 184 Hydroxy-
pinonaldehyde
Hull (1981)
545 545.1369 13.9 C21H21N8O10 3.2 C9H14O4 2 186
557_1 557.1386 13.9 C22H21N8O10 1.7 C10H14O4 2 198 Oxopinonic acid 
isomer_1
e.g. Jang and Kamens 
(1999)
557_2 557.1399 14.4 C22H21N8O10 -2.3 C10H14O4 2 198 Oxopinonic acid 
isomer_2
557_3 557.1400 14.7 C22H21N8O10 -2.5 C10H14O4 2 198 Oxopinonic acid 
isomer_3
573 573.1335 13.4 – 
13.8   
C22H21N8O11 0.1 C10H14O5 2 214
589 589.1297 11.5 C22H21N8O12 -2.1 C10H14O6 2 230
721 721.1676 17.1 C28H25N12O12 6.1 C10H14O3 3 182 Oxo-pinonaldehyde Yokouchi and Ambe 
(1985)
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In  the  same manner  as  the  gas-phase  samples,  an  attempt  was  made  to  identify 
selected  compounds  from  the  filter  extracts  by  comparing  them  to  the  samples 
obtained  from  the  ozonolysis  of  myrtenol.  Glasius  et  al.  (2000)  used  a  similar 
approach to identify 10-hydroxy-pinonic acid (C10H16O4).  When this compound is 
derivatised, it forms a single DNPH-containing compound with C16H20N4O7 (m/z 379, 
[M-H]-). Indeed, the analysis of the filter samples from myrtenol and the  α-pinene 
ozonolysis experiments revealed this compound (Figure 3-32). It was noted that the 
m/z 379 compound was detected in higher quantities when CO was present.
Figure  3-32.  Extracted  Ion  Chromatograms  (EIC)  of  DNPH-derivatised  filter 
samples from blank experiment (top),  α-pinene ozonolysis (middle) and myrtenol 
ozonolysis (bottom) for the  m/z  379 compound (tentatively identified as hydroxy-
pinonic acid).
Another carbonyl-hydrazone detected in both the filter and the denuder samples was 
a mono-carbonyl compound with C14H16N4O6 (335_1), or C8H12O3 for the non-DNPH 
derivatised form with Mw 156. The literature suggests that this compound is involved 
in the formation of terpenylic acid (Claeys et al., 2009). As proposed by Claeys et al. 
(2009),  an  intermediate  with  a  lactone  and  a  carbonyl  group  (i.e.,  terpenylic 
aldehyde) could explain the formation of terpenylic acid during α-pinene ozonolysis 
(Figure 3-33). The recently identified terpenylic acid is an important SOA constituent 
from α-pinene oxidation and is considered as early generation oxidation product. 
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In the  α-pinene ozone reaction, the monoterpene oxide that forms during oxidation 
isomerises to campholenic aldehyde in the presence of acidic seed particles. A C=C 
double  bond in  campholenic  aldehyde can  further  react  with  ozone and  produce 
terpenylic aldehyde after several steps. This aldehyde can be further oxidised in the 
particle phase to terpenylic acid, as shown in Figure 3-33. Section 3.5.3 discusses the 
ozonolysis of campholenic aldehyde. 
Figure  3-33.  Proposed reaction  channel  by Claeys  et  al.  (2009) that  leads  to  the 
formation  of  terpenylic  acid  and  diaterpenylic  acid  acetate.  The  present  study 
tentatively identified terpenylic aldehyde (shown in the red box).
To provide  further  evidence  for  the  proposed structure  of  terpenylic  aldehyde,  a 
fragmentation study was performed for the suggested carbonyl-hydrazone form of 
terpenylic aldehyde (Figure 3-34). The MSMS spectra showed the typical  DNPH 
fragments (m/z 151 and 163) and a further product ion at  m/z 171 with C8H11O4-, 
which corresponds to terpenylic acid. 
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Figure 3-34. (-)ESI-MSMS for the m/z 335_1 compound.
The formation of terpenylic acid rather than a terpenylic aldehyde fragment can be 
explained by the intramolecular reaction of a NO2 group in the terpenylic aldehyde 
hydrazone molecule (Figure 3-35).
Figure 3-35. Proposed fragmentation mechanism for terpenylic aldehyde hydrazone 
(m/z 335_1).
Particle-Phase Product Yields
The detected compounds were quantified or estimated using the available authentic 
standards  that  were  derivatised  to  their  carbonyl-hydrazone  forms.  The  acidic 
compounds  such  as  pinic  acid,  terpenylic  acid  and  DTAA  were  quantified 
unambiguously  using  their  authentic  standard  without  DNPH  derivatisation.  As 
summarised  in  Table  3-15,  surrogate  compounds  were  also  used  to  estimate  the 
product yields from the particle-phase. The data were corrected for losses during the 
SPE procedure (Table 3-2, section 3.1.2). Appendix C summarises the particle-phase 
product yields.
Somewhat  lower  yields  were  determined  for  particle-phase  pinonaldehyde, 
norpinonaldehyde,  oxo-pinonaldehyde,  pinonic  acid and pinic  acid  in  the  present 
study compared to the literature. This was likely due to the use of a DNPH-coated 
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denuder that minimised positive artefact formation. 
The percentage of individual compounds in the total organic mass (Table 3-18) was 
calculated based on their estimated concentrations. The formed organic mass (OM) 
was determined from the DMPS data, assuming a density of 1 g cm -3. As can be seen 
in Table 3-18, approximately twenty percent of the organic mass can be attributed to 
monomeric  compounds  in  nearly  all  of  the  experimental  conditions  used  in  the 
present study.
Table 3-18. Estimated particle-phase constituents from α-pinene ozonolysis and their 
relative contribution to the detected organic mass (OM) in percentages.
Experiment
1 2 3 4
OM [µg m-3]
114.5 67.5 105.0 100.8
Compound (m/z as hydrazone) % in OM
Terpenylic acid 0.8 0.9 0.4 0.4
Pinic acid 2.7 4.0 1.5 1.9
DTAA 0.3 0.3 0.1 0.3
Norpinalic acid (335_2) 1.0 1.0 0.6 0.8
Norpinonic acid (349) 7.0 4.7 3.1 5.6
Pinonic acid (363_1) 0.6 0.7 0.2 0.4
Oxo-pinonic acid isomer (557_1) 0.9 1.0 1.2 1.0
Oxo-pinonic acid isomer (557_2) 1.4 1.5 2.5 2.2
Oxo-pinonic acid isomer (557_3) 1.7 1.8 2.4 1.6
10-Hydroxy-pinonic acid (379) n.d. 0.9 0.3 0.6
C9H14O3 dicarbonyl (545) 1.3 1.6 2.0 1.5
Norpinonaldehyde (513) 0.4 0.5 0.3 0.4
Terpenylic aldehyde (335_1) 1.8 1.6 1.4 1.2
Pinonaldehyde (527) 0.6 0.9 0.6 0.7
Oxo-pinonaldehyde (721) 0.0 0.1 0.3 0.4
Hydroxy-pinonaldehyde (543) 1.0 1.5 1.7 1.7
Sum 21.6 23.0 18.7 20.6
1: α-pinene / O3 pH 7 (30.09.2010); 2: α-pinene / O3 / CO pH 7 (01.10.2010); 3: α-pinene / O3 pH 2 
(02.03.2011); 4: α-pinene / O3 / CO pH 2 (10.01.2011); OM organic matter.
For some carboxylic acids, a slightly higher percentage was observed when CO was 
added, especially for hydroxy-pinonic acid and pinic acid. Keywood et al. (2004a) 
suggested that higher carboxylic acid production through the “hot acid” channel may 
explain the higher SOA yield for cyclohexene ozonolysis with CO, which results in a 
higher HO2/RO2 ratio and higher acylperoxy radical concentrations. The results from 
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the  present  study  support  this  mechanism,  but  further  studies  are  warranted  to 
provide concrete evidence to substantiate the mechanisms proposed by Keywood et 
al. (2004a).
A decrease in the resolved mass fraction was observed in the presence of acidic seed 
particles for both of the experiments with and without the OH scavenger. This may 
indicate  the  formation  of  a  higher  amount  of  irresolvable  oligomeric  compounds 
under  acidic  conditions.  A recent  study  estimated  the  total  oligomer  content  in 
α-pinene / O3 SOA (without seed particles) to be about 50% (Hall  and Johnston, 
2011).
Direct LC-MS analysis of the non-derivatised filter extracts revealed only a small 
fraction of high molecular weight compounds. The present study only detected the 
previously  reported  dimeric  compounds  with  Mw 358,  368  and  372  (Hoffmann 
et al., 1998;  Iinuma et al.,  2004;  2007b; Gao et  al.,  2004a,b;  Müller et  al.,  2008; 
Yasmeen et al., 2010) at small intensities. Recent studies have shown the presence of 
the  Mw 358  compound  in  laboratory-produced  SOA from both  α-  and  β-pinene 
ozonolysis (Iinuma et al., 2007b; Müller et al., 2008; Yasmeen et al., 2010), which 
was also detected in ambient aerosol (Yasmeen et al., 2010). 
Müller  et  al.  (2008)  suggested  that  the  Mw 358  and  368  compound  forms  via 
esterification. The Mw 370 dimer was proposed as a product from pinonaldehyde and 
hydroxy-pinonaldehyde  (Iinuma  et  al.,  2004).  Additionally,  Iinuma  et  al.  (2004) 
demonstrated that the concentration of the Mw 370 compound increases when acidic 
seed particles are used in α-pinene ozonolysis. A similar behaviour was observed for 
the Mw 354 dimer (ibid.). A reduction in their production was noted in the presence 
of  OH radical  scavengers (ibid.),  which demonstrates  the strong influence of  the 
experimental conditions on dimer formation. 
3.4.1.4 The Influence of Experimental Conditions on Partitioning Coefficients
Since the denuder/filter sampling technique enables a simultaneous discrimination of 
semivolatiles  in  the  gas-  and  particle-phase,  the  partitioning  coefficients  (Ki)  of 
individual compounds can be determined. Therefore, the present study examined the 
influence of an HO2/RO2  ratio and different seed particle acidities on the Ki values. 
Table 3-19 summarises the results and shows only minor differences with respect to 
the experimental conditions. The derived Ki values for the functionalised carboxylic 
acids are in the range of 10-3 m3 µg-1  for each of the experimental conditions. In 
general, the Ki values for the carbonyl compounds were approximately one order of 
magnitude lower than those for carboxylic acid (i.e., 10-4 m3 µg-1).
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2.4 x 10-3 2.5 x 10-3 8.8 x 10-4 2.1 x 10-3
Norpinonic acid
(349)
7.7 x 10-3 5.0 x 10-3 2.2 x 10-2 4.8 x 10-3 1.9 x 10-2 1.7 x 10-4 1.3 x 10-2
Pinonic acid
(363)






5.6 x 10-3 5.8 x 10-3 5.1 x 10-3 5.9 x 10-3 2.5 x 10-2
10-Hydroxy-
pinonic acid (379)
3.3 x 10-3 4.4 x 10-1 3.4 x 10-2 7.8 x 10-2 2.31 x 10-1 4.0 x 10-2 -
Norpinonaldehyde 
(513)
2.5 x 10-4 4.1 x 10-4 2.6 x 10-4 2.9 x 10-4 6.4 x 10-4 7.91 x 10-7
Terpenylic aldehyde 
(335_1)
4.1 x 10-3 3.5 x 10-3 8.9 x 10-3 3.0 x 10-3
Pinonaldehyde 
(527)




2.2 x 10-3 6.2 x 10-4 2.2 x 10-3 4.0 x 10-3
Hydroxy-pinon-
aldehyde (543)




4.2 x 10-3 8.7 x 10-4 1.9 x 10-2
1: α-pinene / O3 pH 7 (30.09.2010); 2: α-pinene / O3 / CO pH 7 (01.10.2010); 3: α-pinene / O3 pH 2 (02.03.2011); 4: α-pinene / O3 / CO pH 2 (10.01.2011); Yu et al. (1999b): 
α-pinene / O3 / 2-butanol with (NH4)2SO4 seed; Kamens and Jaoui (2001): α-pinene / O3 / NOx + sunlight.
3 Results and Discussion
The  Ki values  reported  in  the  literature  vary  widely  for  some  compounds.  In 
particular,  the  reported  Ki values  for  pinonaldehyde  span  over  three  orders  of 
magnitude. This is likely caused by the different experimental conditions, as most of 
the measurements with smaller Ki values were obtained at higher temperatures than 
the present study. The application of different sampling and analytical techniques is 
another potential reason for the variation. Yu et al. (1999b) employed a denuder filter 
sampling technique with subsequent derivatisation and GC/MS analysis and reported 
the  highest  partitioning  coefficients  in  the  range  of  10-2  m3 µg-1  for  most  of  the 
oxidation products. In the study performed by Tillmann et al. (2010) the partitioning 
coefficient  of  pinonaldehyde  was  estimated  using  the  gas-phase  pinonaldehyde 
concentration and partitioning theory. This may explain their relatively high values, 
since their  assumptions  about  the average molecular  weight  of the particle-phase 
compounds  and  the  vapour  pressure  of  pinonaldehyde  likely  contain  large 
uncertainties.  Czoschke  and  Jang  (2006)  calculated  the  individual  partitioning 
coefficients based on the multiproduct Odum model (Odum et al., 1996), although 
their  assumptions  may  be  not  sufficient.  Modelling  studies  have  estimated  the 
pinonaldehyde Ki value to be in the order of 10-4 m3 µg-1 (Jenkins et al., 2004; Chen 
and  Griffin,  2005).  These  values  agree  reasonably  well  with  Ki values  of 
pinonaldehyde determined in the present study.
Although experimental conditions such as an HO2/RO2 ratio and seed particle acidity 
influenced the SOA yields, the partitioning behaviours for most of the semivolatile 
monomeric compounds remained relatively constant in the present study. Therefore, 
it is reasonable to conclude that enhanced aerosol growth under a high HO2/RO2 ratio 
and acidic conditions is largely due to accretion reactions, rather than the enhanced 
partitioning of monomeric semivolatile carbonyl compounds into the particle-phase.
Noteworthiness of the Present α-Pinene Ozonolysis Studies
The  oxidation  products  shown  in  Figure  3-36  were  tentatively  identified  in  the 
present investigations. Earlier studies have only proposed formation mechanism or 
have not discriminated between several possible products. 
For  a  number  of  oxidation  products  (summarised  in  Appendix  C)  gas-  and 
particle-phase  yields  were  determined,  particularly  for  terpenylic  aldehyde  and 
1-[3-(hydroxymethyl)-2,2-dimethylcyclobutyl]ethanone,  for  the  first  time.  To  the 
best  of  the  author’s  knowledge,  this  is  also  the  first  time  that  the  Ki value  of 
terpenylic aldehyde was determined experimentally.
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Figure 3-36. Tentatively identified compounds in the present  α-pinene ozonolysis 
study for which gas- and particle-phase yields were also determined. 
The present  study provides  a  basis  for  the connection  of  gas-  and particle-phase 
processes  and  facilitates  knowledge  on  the  gaseous  and  particulate  constituents 
formed during α-pinene ozonolysis.
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3.4.2 Ozonolysis of β-Pinene 
3.4.2.1 SOA Yields and Aerosol Formation 
Compared to α-pinene, the ozonolysis of β-pinene showed lower SOA yields when 
CO was added as an OH radical scavenger (Figure 3-37). Earlier studies reported that 
exocyclic alkenes, such as β-pinene, result in lower SOA yields at higher HO2/RO2 
ratios (Docherty and Ziemann, 2003; Docherty et al., 2005). 
Figure 3-37. SOA yield curves from the β-pinene ozonolysis experiments with (open 
circle) and without CO (filled circle) as an OH scavenger for different seed particle 
acidities (left - pH 7, right – pH 2).
Docherty et al. (2005) have attributed this to the formation of very volatile C9 ketone 
hydroperoxide at high HO2/RO2 ratios (Figure 3-38). 
Figure 3-38. Formation of a  C9 ketone hydroperoxide (red box) during  β-pinene 
ozonolysis (adapted from Docherty et al., 2005). 
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In  general,  the  SOA yields  for  β-pinene  ozonolysis  were  lower  than  those  for 
α-pinene, regardless of the experimental conditions (Hoffmann et al., 1997; Griffin et 
al., 1999a; Yu et al., 1999b; Bonn and Moortgat, 2002; Docherty and Ziemann, 2003; 
Pathak et al., 2008; von Hessberg et al., 2009).
The  reaction  with  ozone  and  β-pinene  is  much  slower  than  with  α-pinene 
(kβ-pinene = 1.5 x 10-17 mol cm-3 s-1 and kα-pinene = 8.4 x 10-17 mol cm-3 s-1); therefore, the 
conversion of  β-pinene  was much smaller  than that  of  α-pinene  under  the  same 
experimental conditions. Thus, the SOA yields obtained at the end of the  β-pinene 
experiments were much smaller than those obtained from the α-pinene experiments, 
because the  ΔM values were also much lower in the  β-pinene than the  α-pinene 
experiments.  Nevertheless,  the  SOA yields  between  10  and  20  μg  m-3 ΔM  for 
non-CO experiments were comparable or somewhat smaller than  α-pinene, which 
suggests  that  SOA  from  β-pinene  oxidation  is  non-negligible  under  the 
atmospherically relevant organic mass loading condition. Table 3-20 summarises the 
effects of radical scavengers on SOA formation in comparison to the literature.
Table 3-20. OH scavenger effects on SOA formation for the ozonolysis of β-pinene.
Scavenger Effect on SOA Reference
Cyclohexane, 
1-Propanol




SOA CH > SOA 1-P > SOA HCHO Docherty et al. 
(2005)
CO, No Scavenger SOA a, wo ≥ SOAn, wo > SOAa, CO ≥ SOAn, CO This study
As can be seen from the aerosol growth curves (Figure 3-39), SOA formation was 
only  observed  after  the  reaction  of  about  40  μg m-3 of  β-pinene.  In  the  case  of 
α-pinene,  a  much  more  rapid  increase  in  ΔM  was  observed  regardless  of  the 
experimental conditions. Ng et al. (2006) also observed this difference between the 
exo-  and endocyclic  alkenes.  They classified  α-  and  β-pinene  in  one  group that 
stopped SOA formation once the entire hydrocarbon was converted, and related the 
first step of the oxidation reactions as a rate-determining step in aerosol formation. In 
the present study, the slower conversion of HC and the formation of SOA led to 
significantly  more  scatters  in  the  plots  due  to  the  fluctuation  of  the  DMPS and 
PTR-MS data. 
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Figure 3-39. SOA growth curves from the β-pinene ozonolysis experiments with CO 
(triangle) and without CO (circle) as an OH scavenger under different seed particle 
acidities (filled - pH 7, open – pH 2). 
The aerosol growth curve in Figure 3-39 can be separated into three different regions. 
The first region (I) shows no aerosol growth, which may be related to the volatile C9 
peroxy  nopinone.  A  time-lag  in  aerosol  formation  was  observed  because  this 
compound is probably too volatile to contribute to SOA. As the β-pinene oxidation 
progressed, more and more gas-phase oxidation products partitioned into the particle-
phase, which initiated an increase in the aerosol mass, as shown in region II of Figure 
3-39. SOA growth was observed in region III, and was slightly enhanced when acidic 
seed particles were used in the presence of CO as an OH scavenger. 
The  SOA  yield  using  acidic  seed  particles  was  slightly  higher  (about  5%, 
Figure 3-40) than that of the neutral  seed particles (about 3%, Figure 3-40) when 
almost the same amounts of HC were reacted. In contrast, the comparison between 
the aerosol formation of acidic and neutral seed particles showed no large difference 
regardless of seed acidity when no OH scavenger was added (Figure 3-40, right), 
which showed SOA yields of about 13%. This indicated that products arising from 
acid-catalysed heterogeneous reactions may not contribute significantly to aerosol 
growth in  β-pinene  ozonolysis,  although the  formation  of  peroxyhemiacetal  may 
contribute  to  SOA formation  under  high  HO2/RO2 conditions  in  the  presence  of 
acidic seed particles (Figure 3-40, left). 
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Figure  3-40.  SOA yield  curves  from  the  β-pinene  ozonolysis  experiments  with 
different seed particle acidities (pH 7 – filled circle, pH 2 – open circle. Left figure 
shows experiments with CO, and right figure shows experiments without CO).
No comparison was  made with  the  SOA yield  curves  published in  the  literature 
because only a few studies were available with such a dataset, and the experiments 
were  performed  under  very  different  conditions  (i.e.,  T,  RH,  initial  HC, 
seed particles) (Hoffmann et al., 1997; Griffin et al., 1999; Yu et al., 1999b; Bonn 
and Moortgat 2002; Docherty and Ziemann, 2003; Pathak et al., 2008; von Hessberg 
et al., 2009).
3.4.2.2 Oxidation Products in the Gas-Phase
Identification of Oxidation Products and their Role in Aerosol Formation
In general, fewer signals were recorded in the β-pinene ozonolysis experiments than 
the α-pinene ozonolysis experiments using the PTR-MS (Table 3-21). Several of the 
fragments  reported  by  Lee  et  al.  (2006)  were  not  observed  in  the  present  study 
(i.e., m/z 103, 107, 109, 113, 119, 129, 169, 171 and 185). This is likely due to the 
lower initial β-pinene mixing ratio used in the present investigation, compared to the 
study performed by Lee et al. (2006).
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Table 3-21. Detected signals from the PTR-MS [M+H]+  during the ozonolysis  of 
β-pinene.
In order to ensure that this difference solely originated from the precursor VOC’s 
mixing ratios and its conversion, an experiment with a higher initial concentration 
(300 ppb  β-pinene) was performed. In this high HC experiment, intense signals at 
m/z 107  and  109  were  observed,  while  the  other  reported  signals  were  only 
observable  in  small  intensities.  Nevertheless,  the  higher  conversion  experiment 
confirmed  the  presence  of  all  the  masses  reported  by  Lee  et  al.  (2006).  Since 
experiments with high initial  VOC mixing ratios and fast  VOC conversion likely 
suffer from artefact formation, the present study only considered experiments starting 
at 100 ppb β-pinene.
All the observed PTR-MS signals showed a linear relationship to the β-pinene signal 
(see Appendix B). Therefore, all the products and/or fragments were supposed to 
form  in  the  first  stage  of  oxidation.  Furthermore,  no  specific  curve  shape  was 
observed, unlike in the α-pinene ozonolysis. It may be possible that the large scatters 
in the PTR-MS data from the β-pinene ozonolysis hindered the observation of small 
changes in the gas-phase concentrations. 
Additional information about the identity of the gas-phase products was derived from 
the denuder analysis. Table 3-22 summarises the detected hydrazones together with 
their proposed structures from the denuder samples. In general, significantly fewer 
compounds  were  detected  in  comparison  to  the  α-pinene  ozonolysis  samples. 
Compounds  that  were  detected  in  both  the  α-  and  β-pinene  ozonolysis  denuder 
samples were the Mw 140 and 158 compounds. Nearly all of the detected hydrazone 
compounds in the denuder samples had corresponding signals in the PTR-MS with 
the only exceptions of the compounds with Mw 150 and 158 that were not detected 
by PTR-MS measurements.
Experiment m/z from products, fragments and suggested compounds
β-pinene 59 (acetone), 61 (acetic acid), 85, 97, 99, 111, 121, 123, 125, 139 
(nopinone), 141, 153 (β-pinene oxide, myrtenol, myrtanal, oxo-nopinone), 
155 (hydroxy-nopinone, dioxirane)
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Suggested name Suggested 
structure
Also reported in
317 317.1242 14 C15H17N4O4 -0.2 C9H14O 1 138 Nopinone Hull (1981)
329 329.1251 14.8 C16H17N4O4 1.3 C10H14O 1 150 Myrtenal
331 331.1407 15.1 C16H19N4O4 1.4 C10H16O 1 152 Myrtanal Jaoui and Kamens 
(2003a)
333_1 333.1192 9.8 C15H17N4O5 3.9 C9H14O2 1 154 Hydroxy-nopinone 
isomer_1
e.g.
333_2 333.1194 11.2 C15H17N4O5 3.2 C9H14O2 1 154 Hydroxy-nopinone 
isomer_2
333_3 333.1192 11.8 C15H17N4O5 3.6 C9H14O2 1 154 3-Hydroxy-nopinone Hull (1981)
499 499.1330 15.5 C20H19N8O8 0.2 C8H12O6 2 140 2,2-Dimethyl-
cyclobutyl-1,3-
dicarboxaldehyde
Yu et al. (1999b)
























Suggested name Suggested 
structure
Also reported in
511 511.1318 16.6 C21H19N8O8 2.6 C9H12O2 2 152 Oxo-nopinone e.g. Hull (1981)
517 517.1417 13.1 C21H19N8O9 3.8 C8H14O3 2 158
349* 349.1160 9.3 C15H17N4O6- 1.9 C9H14O3 1 170 Homoterpenylic 
aldehyde (tentatively)
Di-hydroxy-nopinone Jaoui and Kamens 
(2003a)
*Only detected in the high conversion experiment 24.11.2010
3 Results and Discussion
Further  work  was  performed  on  selected  oxidation  products  to  derive  more 
information about their chemical structures. The PTR-MS signal at m/z 171 showed a 
corresponding  carbonyl-hydrazone  at  m/z 349  in  the  denuder  sample.  Although 
norpinonic acid (m/z 349) is considered a gas-phase product in β-pinene ozonolysis 
(Yu  et  al.,  1999b),  a  different  retention  time  was  observed  when  the  norpinonic 
acid-DNPH standard  was  compared  with  the  peak from the  β-pinene  ozonolysis 
sample (Figure 3-41). The  m/z 349 peak from the  β-pinene denuder sample eluted 
earlier than the norpinonic acid standard compound.
Figure 3-41. Comparison of the Extracted Ion Chromatograms for the norpinonic 
acid-DNPH standard (top) and the denuder ozonolysis sample (bottom).
The  detected  m/z 349  compound  was  not  observed  in  the  α-pinene  oxidation 
samples, which supports the chromatographic evidence that this compound is not 
norpinonic acid. Docherty et al. (2005) proposed a C9 peroxyketo compound with 
the  same  m/z value,  although  it  is  unlikely  that  this  compound  can  survive  the 
derivatisation  reaction.  Jaoui  and Kamens  (2003a,c),  Hohaus  (2009)  and Hohaus 
et al.  (2010)  suggested  the  formation  of  di-hydroxy-nopinone,  which  would  also 
result  in  an  m/z 349  compound  using  DNPH  derivatisation.  Recent  studies  by 
Yasmeen  et  al.  (2010,  211)  proposed homoterpenylic  acid  as  a  β-pinene-specific 
oxidation  product.  As  a  precursor  for  homoterpenylic  acid,  it  is  likely  that  its 
aldehyde  precursor  will  be  present  in  the  particle-phase  as  well.  Since  both 
di-hydroxy-nopinone  and  homoterpenylic  aldehyde  have  the  same  elemental 
composition  and  no  authentic  standard  compounds  were  available  for  these 
compounds, a fragmentation experiment for the m/z 349 compound was performed to 
infer its structure. 
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The  analysis  was  carried  out  using  UPLC/(-)ESI-QTOFMS  (Waters)  and  a  C18 
column  (Acquity  HSS  T3  1.0  x  150  mm,  1.8  µm).  Figure  3-42  shows  the 
chromatograms for the sample and the norpinonic acid-DNPH standard.
Figure  3-42.  Extracted  Ion  Chromatograms  (EIC)  obtained  from  the  UPLC/MS 
analysis  of the norpinonic acid-DNPH standard (top)  and the  m/z 349 compound 
from the β-pinene ozonolysis (bottom).
The UPLC analysis showed two  m/z 349 carbonyl-hydrazones – both peaks were 
fragmented.  The  peak  that  eluted  first  showed  the  highest  intensity  in  the 
chromatogram. No further structural information could be obtained from the first 
peak as it showed only a lost DNPH fragment with  m/z 182 (Figure 3-43 A). The 
second  m/z 349 peak with a retention time of 5.1 min, showed a slightly different 
MSMS spectrum from the first peak with a notable loss of 44 amu from the precursor 
ion (Figure 3-43 B). This could have been related to the loss of CO2, which suggests 
a  lactone  structure  of  homoterpenylic  aldehyde  rather  than  a  di-hydroxy-oxo 
structure  of  di-hydroxy-nopinone.  A structurally  analogous  homoterpenylmethyl-
ketone was synthesised and derivatised with DNPH. Its fragmentation was compared 
to the detected m/z 349 compound from the β-pinene ozonolysis (Figure 3-43 C).
The MSMS data showed no CO2 loss (Figure 3-43 C) and only one DNPH fragment 
at  m/z 152  was  observed.  For  this  reason,  the  structural  elucidation  of  the  two 
isomeric m/z 349 compounds from the β-pinene ozonolysis was inconclusive at this 
stage. 
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Figure 3-43. (-)ESI-MSMS data for the detected m/z 349 compound of the denuder 
sample in the β-pinene / O3  / CO pH 2 experiment. (A) shows the first eluting  m/z 
349  peak,  (B)  the  second  one  and  (C)  the  MSMS  spectra  of  the  synthesised 
homoterpenyl-methylketone-DNPH.
Three intensive peaks of carbonyl-hydrazones  with  m/z 333 were detected in  the 
denuder  samples  of  the  β-pinene  ozonolysis  experiment  in  the  presence  of  CO. 
Without  the  scavenger,  only  two  isomers  with  lower  intensities  were  observed 
(Figure 3-44). Based on the TOFMS data and the derived elemental composition, 
they were  assigned to  mono-DNPH compounds with one non-derivatised oxygen 
atom  in  the  molecules,  which  were  most  likely  positional  isomers  of  hydroxy-
nopinone.  A comparison  of  a  synthesised  3-hydroxy-nopinone  and  the  chamber 
experiment sample showed that the one of the main peaks in the ozonolysis sample 
was indeed 3-hydroxy-nopinone. 
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Figure 3-44. Extracted Ion Chromatograms (EICs) of the different hydroxy-nopinone 
isomers. A synthesised 3-hydroxy-nopinone standard (top) was compared with the 
denuder  samples  from  the  β-pinene  ozonolysis,  with  CO  and  without  CO.  Two 
nopinone  /  OH experiments  showed different  hydroxy-nopinone  isomers  (bottom 
two).
It was noted that the OH radical initiated oxidation of nopinone resulted in a different 
positional isomer from 3-hydroxy-nopinone. This difference in retention time was 
noted for two types of OH oxidation experiments of nopinone in which different OH 
radical  sources  were  used.  One  experiment  generated  OH  radicals  from 
tetramethylethylene  (TME)  ozonolysis  and  the  other  from  the  photolysis  of 
methylnitrite (MeONO) in the presence of NO. Since lower initial concentrations 
were used for the nopinone oxidation experiments (50 ppb) and less hydrocarbon 
was  converted,  the  resulting  peaks  were  relatively  small  in  comparison  to  the 
β-pinene  experiments  where  100  ppb  was  injected  as  the  starting  concentration. 
Since nopinone oxidation experiments were beyond the scope of the present study, 
no  further  experiments  were  performed  to  gain  insights  on  the  mechanistic 
differences related to the formation of hydroxy-nopinone.
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Gas-Phase Product Yields
The yields of the detected compounds were estimated using the standard compounds 
summarised  in  Table  3-23.  As  described  in  section  3.4.1.2,  the  determined 
concentrations  were  corrected  for  the  sample  preparation  and  the  analytical 
procedure losses. To this end, the results from the denuder spiking experiments were 
used for the carbonyl-hydrazone with m/z 499. The calibration curves obtained from 
the chamber calibration experiments for nopinone were used for nopinone and its 
functionalised  derivatives  (hydroxy-nopinone  and  oxo-nopinone).  The  latter 
procedure takes into account all of the uncertainties involved in the quantification of 
the  denuder samples.  Some of  the  detected  oxidation  products,  such as  myrtenal 
(m/z 329), had intensities that were too low for reliable quantification.
Table 3-23. Standard compounds and products for the quantification of oxidation 
products from denuder samples derived from β-pinene ozonolysis.





Nopinone-DNPH 317 (Nopinone); 
331 (Hydroxy-nopinone); 
511 (Oxo-nopinone)
Appendix C summarises the molar yields for the oxidation products determined in 
the present study and compares them to the literature data. 
Relatively high yields were observed for nopinone using the PTR-MS; these values 
corresponded  with  the  upper  range  of  the  values  reported  in  the  literature.  The 
gas-phase  yield  of  nopinone  agreed  well  for  both  PTR-MS  and  denuder 
measurements within 12% for all the performed experiments. 
The yields determined with the PTR-MS data were consistently higher for all of the 
detected compounds when CO was added, regardless of the seed particle acidity. 
Similar data was obtained from the denuder samples, except for hydroxy-nopinone 
and  2,2-dimethyl-cyclobutyl-1,3-dicarbaldehyde  (IUPAC  name).  In  the  denuder 
analysis,  different  hydroxy-nopinone  isomers  were  observed  depending  on  the 
presence or absence of the OH scavenger. Due to the lack of authentic standards for 
many of hydroxy-nopinones, no mechanistic information about the influence of the 
OH scavenger could be obtained. 
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The  denuder  sample  analysis  demonstrated  that  2,2-dimethyl-cyclobutyl-1,3-
dicarbaldehyde (C8H12O2)  had  higher  yields  in  the  absence  of  CO. This  result  is 
inconsistent with the PTR-MS data that showed a higher yield of this compound in 
the presence of CO. It is possible that isobaric isomer compounds, which form more 
readily in the presence of CO, overlapped with a PTR-MS signal at m/z 141. If these 
isomeric  compounds  did  not  contain  carbonyl  groups,  they  could  not  have  been 
detected in the denuder samples. This might be one of the reasons for the differences 
observed between the PTR-MS and the denuder results for this compound.
The derived acetone yields from the  β-pinene ozonolysis were in good agreement 
with  the  previously  reported  values.  Although  the  acetone  yield  was  relatively 
variable, less acetone was formed in the presence of the OH radical scavenger.
3.4.2.3 Oxidation Products in the Particle-Phase
Identification of Products
Table 3-24 shows that only a few compounds were detected in the filter  samples 
from the β-pinene ozonolysis. The main constituent detected in both experiments—
with and without CO—was pinic acid. When no OH scavenger was used, additional 
compounds such as terpenylic acid and an isomer of oxo-pinonic acid were detected. 
The  tentatively  identified  homoterpenylic  acid  (Yasmeen et  al.,  2010,  2011)  was 
present in a relatively high amount with a peak height that was comparable to that of 
pinic acid when no OH scavenger was used (Figure 3-45). 
Figure 3-45. Extracted ion chromatogram from the direct filter  analysis  from the 
β-pinene ozonolysis. One of the m/z 185 compounds was identified as pinic acid and 
the other compound has been the tentatively identified as homoterpenylic acid. 
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317 317.1264 14.1 C15H17N4O4 -2.7 C9H14O 1 138 Nopinone Hull (1981)
335 335.0996 6.6 C14H15N4O6 0.4 C8H12O3 1 156 Terpenylic 
aldehyde
349 349.1144 9.7 C15H17N4O6 2.8 C9H14O3 1 170 Homoterpenylic 
aldehyde 
(tentatively)
557_2 557.1402 14.4 C22H21N8O10 -2.9 C10H14O4 2 198 Oxo-pinonic 
acid isomer_2
e.g. Jaoui and 
Kamens 
(2003a)
3 Results and Discussion
The DNPH-derivatised filter samples showed only a small amount of semivolatile 
carbonyl  compounds  and  only  nopinone  was  detected  in  a  small  amount  in  the 
particle-phase.  In the higher conversion experiment,  the  m/z 349 compound (in  a 
DNPH-derivatised form) was also  detected in  the filter  sample (m/z 349_1).  The 
identity of the detected compound remains unclear since no structure was elucidated 
from  the  fragmentation  study  of  the  DNPH  m/z 349  compound  in  the  denuder 
sample. Since homoterpenylic acid was detected in a relatively high amount in the 
filter,  the  detected  m/z 349  compound  may  be  the  intermediate  aldehyde  of 
homoterpenylic acid.
Additionally, only a minor amount of nopinone was detected in the particle-phase 
and neither hydroxy-nopinone nor oxo-nopinone were observed in the filter samples. 
The occurrence of a particulate di-hydroxy-nopinone is, therefore, less likely. Further 
studies are warranted to examine the molecular structure of the particulate and the 
gaseous carbonyl-hydrazone detected at m/z 349.
Particle-Phase Product Yields
Appendix C summarises the product yields for the particle-phase compounds with 
respect  to  the  different  experimental  conditions.  In  general,  the  present  study 
determined  relatively  low  yields  for  particle-phase  compounds  compared  to  the 
reported values. For example, the pinic acid yield was up to one order of magnitude 
lower than in former studies (Yu et al., 1999b; Glasius et al., 2000; Koch et al., 2000; 
Winterhalter  et  al.,  2000;  Jaoui  and  Kamens,  2003a,c;  Ma  and  Marston,  2008). 
Earlier  studies also reported particle-phase yields of carbonyl compounds such as 
hydroxy-nopinone and oxo-nopinone. None of these products were observed in the 
filter sample analyses conducted in the present study. This is most likely the result of 
the  applied  in-situ  derivatisation  denuder  sampling  technique,  which  reduced the 
positive artefact formation on the filter material due to the absorption and further 
reactions of semivolatile compounds. 
Table 3-25 summarises the percentage contribution of individual compounds to the 
produced particle mass. Only a small percentage of the particle-phase compounds 
could be resolved from the β-pinene ozonolysis SOA (Table 3-25). Since the detected 
carboxylic acids and carbonyl compounds represented only a small fraction of the 
β-pinene SOA mass, it is likely that these were other types of oxidation products that 
could not be detected by the analytical methods used in the present investigation. A 
possible  compound  class  is  organic  peroxides,  which  are  suggested  to  play  an 
important  role  in  SOA  formation  since  earlier  studies  have  reported  a  high 
percentage  of  organic  peroxides  in  β-pinene  ozonolysis  (Docherty  and  Ziemann, 
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2003). These compounds could not be identified or quantified since they were not 
easily  detected  using  the  methods  available  to  the  present  study.  Nevertheless, 
indirect  evidence  of  their  roles  in  α-pinene  and  β-pinene  SOA formation  was 
presented based on their SOA yield curves and growth curves.
Table 3-25. Estimated particle-phase constituents from β-pinene ozonolysis and their 
percentages in the detected organic matter (OM). 
Experiment
1 2 3 4
OM [µg m-3]
17.0 4.0 20.2 6.6
Compound (m/z as hydrazone) % in OM
Terpenylic acid 0.8 0.4
Pinic acid 2.7 5.8 1.7 2.6
Oxo-pinonic acid isomer (557_2) 3.1 3.0
Nopinone (317) 1.2 0.5
Terpenylic aldehyde (335_1) 4.2 2.9
Sum 12.0 5.8 8.4 2.6
1: β-pinene / O3 pH 7 (14.04.2011); 2: β-pinene / O3 / CO pH 7 (13.04.2011); 3: β-pinene / O3 pH 2 
(03.03.2011); 4: β-pinene / O3 / CO pH 2 (21.03.2011).
Lower  percentages  of  monomeric  compounds  were  observed  in  the  presence  of 
acidic seed particles. This is consistent with a large body of literature that suggests 
acid-catalysed  accretion  reactions  leads  to  higher  Mw compounds  in  the  particle-
phase.  Recently,  Yasmeen  et  al.  (2010)  observed  the  occurrence  of  dimeric 
compounds  with  Mw 344,  358  and  368  from  laboratory-generated  β-pinene 
ozonolysis  aerosol  without  an  OH scavenger.  These  higher  Mw SOA compounds 
were also observed in ambient samples collected at the K-pustzta, Hungary (ibid.). 
For  each  of  these  dimeric  compounds,  pinic  acid  was  suggested  as  one  of  the 
monomeric units. Since pinic acid was observed in all of the β-pinene filter samples 
with  noticeable  concentrations,  it  is  plausible  that  this  compound may be  a  key 
monomeric unit in the formation of higher Mw SOA compounds in  β-pinene SOA. 
The  role  of  pinic  acid  was  also  described  in  α-pinene  ozonolysis  aerosol,  and 
esterification was suggested as an important route in the formation of higher Mw 
compounds (Müller et al., 2008). In the present β-pinene ozonolysis study, only the 
Mw 358 compound was detected in noticeable concentrations. It might be possible 
that other higher molecular weight compounds were too low in their concentrations 
since, for example,  the investigation performed by Yasmeen et  al.  (2010) applied 
higher starting concentrations (i.e., 300 ppb β-pinene) compared to the present study 
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(i.e., 100 ppb β-pinene). Furthermore, particulate constituents other than pinic acid 
were only detected when no CO was added to the β-pinene ozonolysis. This indicates 
that further reactions of the gas-phase β-pinene oxidation products with OH radicals 
are  also  important  for  aerosol  formation  in  the  β-pinene  system.  Since  other 
monomeric  units  have  been  suggested  to  explain  the  formation  of  higher  Mw 
compounds, further studies are necessary to better understand the reactions between 
oxidation products and OH radicals.
3.4.2.4 The Influence of Experimental Conditions on Partitioning Coefficients
In the β-pinene ozonolysis samples, only nopinone could be detected in both the gas- 
and particle-phases. The derived Ki value stayed relatively constant regardless of the 
experimental conditions. The partitioning coefficient was in the range of 10-4 m3 µg-1 
for the high conversion experiment (6), the lower initial VOC experiments (5) and 
the acidic seed particle experiments (3). Based on this finding, it is reasonable to 
conclude  that  nopinone  does  not  play  a  role  in  the  particle  phase  acid-catalysed 
accretion reactions and is a predominant gas-phase compound. Similar to  α-pinene 
ozonolysis, differences in the aerosol growth curves are not related to the partitioning 
behaviours of the detected compounds. 
Only  limited  measurement  data  have  been  reported  in  the  literature  for  the 
partitioning of nopinone (Table 3-26). The obtained Ki values in the present study are 
somewhat  higher  than  the  values  reported  by Hohaus  (2009) but  lower  than the 
values predicted by Chen and Griffin (2005). The Ki value predicted by Jenkins et al. 
(2004) is considerably lower than in the present study. Both Chen and Griffin (2005) 
and Jenkins et al. (2004) estimated the vapour pressure value and applied adjustment 
factors  to  model  SOA formation  in  monoterpene  oxidation.  Regardless  of  these 
discrepancies,  it  was  discussed  that  sole  partitioning of  nopinone  cannot  explain 
aerosol  formation  in  β-pinene  oxidation  (Northcross  and  Jang,  2007).  Since  the 
oxidation of nopinone and the subsequent heterogeneous and particle-phase reactions 
of its oxidation products are not fully understood, further studies are warranted to 
better understand SOA formation from β-pinene oxidation. 
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1 2 3 4 5 6 Jenkin 
(2004)






2.4 x 10-4 - 1.1 x 10-4 - 2.4 x 10-4 1.9 x 10-4 2.4 x 10-7 7.6 x 10-4 (7.75 ± 1.9) x 10-5
1: β-pinene / O3 pH 7 (14.04.2011); 2: β-pinene / O3 / CO pH 7 (13.04.2011); 3: β-pinene / O3 pH 2 (03.03.2011); 4: β-pinene / O3 / CO pH 2 (21.03.2011); 5: β-pinene / O3 / 
CO pH 2 (22.06.2010), 6: β-pinene / O3 / CO pH 2 (24.11.2010) high conversion experiment; Hohaus (2009): β-pinene / O3 no seed particles.
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Noteworthiness of the Present β-Pinene Ozonolysis Studies
The present investigation supports previous studies and elaborates on the difference 
between the exocylic  β-pinene and the endocyclic  α-pinene in terms of their SOA 
formation potential. The present study demonstrated that the addition of CO as OH 
radical scavenger reduced the formed aerosol mass, but an acidity effect occurred 
when the scavenger was present. 
Furthermore,  the  present  investigation  showed  that  only  a  small  number  of 
compounds containing a carbonyl group were formed in the  β-pinene ozonolysis. 
Evidence  was provided for  a  new oxidation  product  that  represented  an  isobaric 
isomer of norpinonic acid that was present in the gas- and particle-phase. Hence, the 
present study provided an additional starting point to investigate further products and 
mechanisms leading to SOA formation in the β-pinene oxidation.
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3.5 Formation of Carbonyl Compounds from Monoterpene 
Oxides
Products derived from the rearrangement of epoxides are often useful intermediates 
in organic synthesis, and can be valuable compounds in chemical industries. In the 
perfume  industry,  monoterpene  oxides  serve  as  important  precursors  to  create 
precious olfactory marks. For instance,  α-pinene oxide is used in the production of 
campholenic  aldehyde  to  substitute  sandalwood  odorants  as  natural  sources  are 
becoming increasingly scarce and the extraction procedure does not yield a sufficient 
quantity of odorants to meet demand. Figure 3-46 summarises the products of the 
acid-catalysed ring-opening of α-pinene oxide. 
Myrtanal and myrtenol can be produced from β-pinene oxide (Figure 3-47). They are 
also natural constituents of essential oils in plants that have been applied in natural 
medicine since ancient times due to their antiseptic properties (Corma et al., 2009b). 
Myrtenol,  in  particular,  is  widely  added  to  cosmetic  and  household  products 
(Bhatia et al., 2008). A few other monoterpene oxides, such as cineol, are used as 
constituents  of  natural  remedy  products  and  food  additives  (e.g.,  Miyazawa 
et al., 2001).
Monoterpene oxides are highly reactive compounds and known oxidation products 
from the  ozonolysis  of  monoterpenes  (Alvarado  et  al.,  1998a;  Berndt  and Böge, 
2003; Czoschke and Jang, 2006; Jaoui and Kamens, 2003c; Iinuma et al., 2007b). 
The  α-pinene  oxide  yield  from  the  ozonolysis  of  α-pinene  in  the  presence  of 
cyclohexane  as  an  OH  scavenger  was  determined  to  be  2.1  ±  0.7%  (Alvarado 
et al., 1998a) and 3 ± 1.5% (Berndt et al., 2003). A molar yield of approximately 4% 
was reported for the epoxide in the β-pinene ozonolysis (Iinuma et al., 2007b).
Monoterpene oxides have been proposed as precursors for organosulfates in ambient 
SOA (Iinuma et al.,  2007a,b; 2009). Such sulfate esters were found in laboratory-
generated SOA from the oxidation of isoprene (Surratt  et  al., 2007a, b),  α-pinene 
(Surratt et al., 2007a, 2008), β-pinene (Iinuma et al., 2007b; Surratt et al., 2008) and 
limonene  (Iinuma et  al.,  2007a;  Surratt  et  al.,  2008),  and were  also  observed  in 
reactive uptake studies of aldehydes in the presence of acidic seed particles (Liggio 
et  al.,  2005a;  Liggio and Li;  2006a,b)  and from radical  initiated  reactions  in  the 
aqueous phase (Nozière et al., 2010). Organosulfates have been detected in ambient 
samples (Romero and Oehme, 2005; Gao et al., 2006; Reemtsma et al., 2006; Iinuma 
et  al.,  2007b;  Surratt  et  al.,  2007a,  2008;  Gómez-Gonzáles  et  al.,  2008;  Lukács 
et al., 2009; Zaveri et al., 2010; Kristensen and Glasius, 2011; Olson et al., 2011) that 
represent important aerosol constituents with an estimated contribution of up to 30% 
of the total PM10 organic matter (Surratt et al., 2008).
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Figure 3-46. Acid catalysed epoxide ring-opening reactions of  α-pinene oxide and 
main products. Campholenic aldehyde (highlighted in red) favourably forms in the 
presence of Lewis acids. The application of Brønsted acid leads to carveol as a main 
product (highlighted in blue).
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Figure 3-47. Acid catalysed epoxide ring opening of β-pinene oxide.
In  a  previous  reactive-uptake  study  using  α-  and  β-pinene  oxide  (Iinuma 
et al., 2009b), β-pinene oxide formed higher amounts of organosulfates than α-pinene 
oxide. It was suggested that α-pinene oxide forms more volatile compounds such as 
campholenic aldehyde rather than organosulfates. Structural differences may account 
for  this  difference.  β-Pinene  oxide  contains  the  epoxide  functionality  between  a 
primary and tertiary C-atom and α-pinene oxide contains it between a secondary and 
tertiary C-atom.
It is expected that these isomerised compounds containing a C=C double bond reacts 
with ozone, leading to the formation of low volatile compounds and SOA. In the 
ambient atmosphere where acidic particles and ozone co-exist, it is likely that these 
oxides form volatile SOA precursor compounds in addition to organosulfates. This is 
important  as  it  partly  explains  the  enhanced  monoterpene  SOA formation  in  the 
presence of acidic seed particles as reported in the literature (Czoschke et al., 2003; 
Czoschke and Jang, 2006; Gao et al., 2004a,b; Iinuma et al., 2004, 2005; Jang et al., 
2002;  Jaoui  et  al.,  2008;  Kleindienst  et  al.,  2006;  Northcross  and  Jang,  2007; 
Offenberg et al., 2009; Tolocka et al., 2004).
Within the present study, the seed particle acidity was systematically changed and the 
monoterpene  oxide  was  introduced  with  or  without  ozone  to  examine  SOA 
formation. Table 3-27 summarises the experimental conditions used in the present 
study.  Furthermore,  ozonolysis  of  campholenic  aldehyde  and  myrtenol  were 
performed in the presence and absence of CO as an OH scavenger (Table 3-28).
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Table 3-27. Experimental conditions and results for the monoterpene oxide experiments using different seed particle acidities.





















28.10.2010 α-pinene oxide 100 - - no seed - 53 20 1.4 - -
15.10.2010 α-pinene oxide 100 62 - no seed - 51 20 3.4 3 2
18.10.2010 α-pinene oxide 100 - - 31 mM Na2SO4 7 50 20 3.4 - 0
14.10.2010 α-pinene oxide 100 61 - 31 mM Na2SO4 7 48 20 3.5 7 0
05.11.2010 α-pinene oxide 100 - - 30 mM (NH4)2SO4 / 
0.2 mM H2SO4
4 54 20 3.4 - 0
04.11.2010 α-pinene oxide 100 60 - 30 mM (NH4)2SO4 / 
0.2 mM H2SO4
4 54 20 3.4 4 2
28.03.2011 α-pinene oxide 100 - - 30 mM (NH4)2SO4 / 
10 mM H2SO4
2 51 20 3.5 - 0
15.04.2011 α-pinene oxide 100 63 - 30 mM (NH4)2SO4 / 
10 mM H2SO4
2 50 20 3.5 10 9
04.04.2011 α-pinene oxide 100 - - 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 51 20 3.5 - 11
05.04.2011 α-pinene oxide 100 60 - 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 50 21 3.5 36 114
09.04.2011 α-pinene oxide 100 - - 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 0 20 3.5 - 23
10.04.2011 α-pinene oxide 100 62 - 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 0 20 3.5 13 43
06.04.2011 α-pinene oxide 100 61 105 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 50 20 3.5 43 92
07.04.2011 α-pinene oxide 5 60 - 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 49 21 3.5 8 3
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08.04.2011 α-pinene oxide 15 62 - 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 53 20 3.5 13 11
03.11.2010 β-pinene oxide 100 - - no seed - 54 20 1.4 - -
23.11.2010 β-pinene oxide 100 56 - no seed - 49 21 3.5 10 5
09.01.2011 β-pinene oxide 100 - - 31 mM Na2SO4 7 52 20 3.4 - 0
19.10.2010 β-pinene oxide 100 56 - 31 mM Na2SO4 7 52 20 3.4 14 8
08.01.2011 β-pinene oxide 100 - - 30 mM (NH4)2SO4 / 
0.2 mM H2SO4
4 51 20 3.4 - 0
02.11.2010 β-pinene oxide 100 57 - 30 mM (NH4)2SO4 / 
0.2 mM H2SO4
4 54 20 3.5 14 7
24.03.2011 β-pinene oxide 100 - - 30 mM (NH4)2SO4 / 
10 mM H2SO4
2 50 20 3.5 - 0
25.03.2011 β-pinene oxide 100 64 - 30 mM (NH4)2SO4 / 
10 mM H2SO4
2 52 20 3.5 21 22
07.01.2011 β-pinene oxide 100 - - 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 49 20 3.5 - 66
01.11.2010 β-pinene oxide 100 57 - 15 mM (NH4)2SO4 / 
29 mM H2SO4
0 53 20 3.5 22 132
a The pH values were calculated using the extended aerosol thermodynamic model, E-AIM (Clegg et al., 1998). http://www.aim.env.uea.ac.uk/aim/aim.php.; 
HC: Hydrocarbon; RH: relative humidity; T: temperature.
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Table 3-28. Experimental conditions and results for campholenic aldehyde and myrtenol ozonolysis.
























25.11.2010 campholenic aldehyde 100 57 105
30 mM (NH4)2SO4 / 
10 mM H2SO4
2 50 21 3.4 58 45 267 0.75
26.11.2010 campholenic aldehyde 100 57 -
30 mM (NH4)2SO4 / 
10 mM H2SO4
2 50 21 3.4 68 45 342 0.80
29.09.2010 campholenic aldehyde 100 62 - no seed - 49 21 3.5
69 40 273 0.63
22.03.2011 myrtenol 100 64 - 30 mM (NH4)2SO4 / 10 mM H2SO4
2 51 20 1.1 46 29 103 0.36
23.03.2011 myrtenol 100 59 105 30 mM (NH4)2SO4 / 10 mM H2SO4
2 52 20 0.7 32 20 44 0.22
a The pH values were calculated using the extended aerosol thermodynamic model, E-AIM (Clegg et al., 1998). http://www.aim.env.uea.ac.uk/aim/aim.php.; 
HC: Hydrocarbon; RH: relative humidity; T: temperature.
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These experiments address the formation of reactive VOC through acid-catalysed 
isomerisation  reactions  and  some  of  the  structurally  non-elucidated  oxidation 
products  that  are  known  to  exist  in  ambient  and  chamber  aerosol  samples.  In 
addition,  laboratory  experiments  were  performed  to  study  the  rearrangement  of 
monoterpene oxide as a function of the acidity of the bulk solution. 
3.5.1 Particle-Phase Isomerisation of Monoterpene Oxides
It is known that the products from the isomerisation of epoxides depend on the types 
of catalysts present. Acidic catalysts mainly lead to carbonyl compounds, and basic 
catalysts  generally  form  allylic  alcohols  (Arata  and  Tanabe,  1983).  The 
acid-catalysed  rearrangement  of  monoterpene  oxides  yields  different  products 
depending on whether Lewis or Brønsted acids are used. The most widely studied 
isomerisation of monoterpene oxides is the formation of campholenic aldehyde from 
α-pinene  oxide  since  this  compound  is  of  significant  industrial  interest.  The 
utilisation of Lewis acids favours campholenic aldehyde formation (Kaminska et al., 
1992);  this is  highlighted in a red box in Figure 3-46. Classical  processes for its 
synthesis  involve  homogeneous  zinc  halogenides  (e.g.,  ZnCl2,  ZnBr2).  The 
application of strongly acidic  zeolites with highly dispersed amorphous Al2O3,  as 
well  as other active and selective catalysts,  such as Ti-Beta,  sulphated Al2O3 and 
AlTiS, yields over 90% campholenic aldehyde from  α-pinene oxide (Mäki-Arvela 
et al., 2007 and references therein). Polar solvents such as alcohols may transform 
Lewis acid sites into Brønsted acids that favour trans-carveol formation (highlighted 
in a blue box in Figure 3-46) (Mäki-Arvela et al., 2007). Solid catalysts are preferred 
to soluble acids since the product distribution can be controlled and the working-up 
procedures  only  require  a  simple  filtration  step  afterwards.  The  gas-phase 
isomerisation of α-pinene oxide yields the highest amount of campholenic aldehyde 
since it is highly selective over heterogeneous catalysts. The use of co-adsorbents 
demonstrates a campholenic aldehyde selectivity of up to 93% in the vapour-phase 
isomerisation (Kunkeler et al., 1998). Non-acid catalysed reactions are also reported 
for monoterpene oxides such as thermally-induced rearrangement (Arata and Tanabe, 
1983) and oligomerisation reactions (Ruckel et al., 1976).
Although  α-pinene oxide has been observed as a constituent of essential oils, e.g. 
from  Pistacia spp. (De Pooter et al., 1991) and certain  Juniperus species (Adams, 
1998), no atmospheric measurements from gaseous samples exist to the best of the 
author’s knowledge. The fate of  α-pinene oxide in the environment is most likely 
acid-catalysed  isomerisation,  leading  to  the  formation  of  campholenic  aldehyde 
(Figure 3-48). It is expected that other particulate products will form such as diols 
144
3 Results and Discussion
(2,3-pinandiol) and a small amount of organosulfates, as described by Iinuma et al. 
(2009b) (Figure 3-49). 
Since campholenic aldehyde contains a C=C double bond, it can react with ozone, 
thus forming low volatile oxidation products that likely contribute to particle-growth. 
The  fate  of  β-pinene  oxide  is  likely  similar  to  that  of  α-pinene  oxide,  which 
contributes to particle-growth from the reaction of the rearrangement products with 
ozone.
Figure 3-48. Suggested fate of α-pinene oxide in the presence of acidic seed particles 
and ozone.
Figure 3-49. Possible particle-phase products from α-pinene oxide (left) and β-pinene 
oxide (right) in the presence of acidic seed particles that can lead to the formation of 
a pinandiol and organosulfates.
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3.5.2 Identification of Reactive SOA Precursors
It was not possible to directly identify the reactive SOA precursors in the gas-phase 
during the experiments. All the measurement techniques applied in the present study 
were prone to certain artefacts. It was not possible to discriminate between multiple 
rearrangement products that are isobaric isomers (PTR-MS) and the precursor and 
the acid isomerised VOCs due to the thermal instability of  α- and  β-pinene oxide 
(cryo GC/MS).  Nevertheless,  an  attempt  was  made to  obtain  information  on the 
formation of reactive SOA precursors through acid-catalysed isomerisation by means 
of a mass closure.
Applicability of PTR-MS Data for ΔHC Estimation
Almost all products formed from acid-catalysed isomerisation of α-pinene oxide are 
isomeric  isobars  with  C10H16O  (Mw 152)  structures.  Consequently,  most  of  the 
fragments  formed  in  the  ionisation  region  of  the  PTR-MS are  isobaric  isomers. 
Figure 3-50 shows the fragmentation patters of pure α-pinene oxide and campholenic 
aldehyde obtained from PTR-MS measurements.
Figure 3-50. Fragmentation behaviour for 100 ppb pure  α-pinene oxide (top) and 
campholenic aldehyde (bottom) in the LEAK chamber measured by PTR-MS.
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Major fragments observed for both  α-pinene oxide and campholenic aldehyde are 
m/z 93,  109, 135 and 153, though the intensities or the ratios of these fragments 
differ from α-pinene oxide to campholenic aldehyde. For instance, a fragment with 
m/z 93 is much stronger in the α-pinene oxide mass spectrum, while a fragment with 
m/z 109 is much more intensive in the campholenic aldehyde mass spectrum.
The  estimation  of  consumed  hydrocarbon  (ΔHC)  using  PTR-MS  data  in  the 
acid-catalysed isomerisation experiments required deconvolution of  α-pinene oxide 
and campholenic aldehyde signals.  This  can be  achieved if  one of  the  following 
conditions is met: (1) the ionisation efficiencies of fragments originating from both 
α-pinene oxide and campholenic aldehyde are the same and only the ratios of the 
fragments differ or (2) the acid-catalysed isomerisation products produce fragments 
that are different from α-pinene oxide and can be related directly to the change in 
VOC composition.  As can be seen in  Figure 3-51, the second condition was not 
fulfilled for the α-pinene oxide system. 
Figure 3-51. Change in the HC mixing ratio as a function of experimental time for 
the α-pinene oxide / no O3 / pH 0 experiment. Light blue signs are based on the sum 
of intensities of the α-pinene oxide / campholenic aldehyde fragments (m/z 93, 109, 
135 and 153) and diamond blue signs are based on the  ΔM values obtained from 
DMPS data. 
When the first condition is met, it is expected that the total intensity of fragments 
follows the SOA formation from a reactive uptake process during the course of the 
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acid-catalysed isomerisation experiment, especially for the α-pinene oxide / no O3  / 
pH 0 experiment (i.e., loss in the gas-phase carbon mass = gain in the particle-phase 
carbon  mass).  If  the  ionisation  efficiencies  of  the  α-pinene  oxide  and  the 
campholenic aldehyde fragments are different and the total intensity of the fragments 
changes during the course of isomerisation, it is difficult to estimate the contribution 
of α-pinene oxide and campholenic aldehyde to each fragment during the course of 
the  experiments.  Consequently,  it  is  not  possible  to  accurately  deconvolute  ΔHC 
originating from the change in the ratio of α-pinene oxide/campholenic aldehyde and 
ΔHC originating from the reaction of acid-catalysed isomerisation products with O3. 
Simple subtraction  of  experimental  data  is  not  sufficient  to  obtain  data  on  ΔHC 
originating  from  the  reaction  with  O3.  It  is  likely  that  the  rate  of  campholenic 
aldehyde  formation  in  the  experiment  with  O3 at  pH  0  is  different  from  the 
experiment  without  O3 due  to  the  formation  of  an  organic  layer  over  the  acidic 
surface when the rearranged products react rapidly to form a large amount of SOA; 
this is discussed in the later section.
In the  α-pinene oxide / no O3  / pH 0 experiment, approximately 11 μg m-3 of SOA 
was  produced  from  the  reactive  uptake  of  α-pinene  oxide.  This  means  that 
approximately 1.2 ppb of α-pinene oxide was taken up; assuming the average Mw of 
the SOA compounds was 250 g mol-1 (i.e., α-pinene organosulfates, C10H18SO5). This 
value was considerably smaller than the change in ΔHC based on the estimation from 
the  PTR-MS data  (Figure  3-51).  During  the  course  of  the  experiment,  the  total 
intensity of the major fragments originating from  α-pinene oxide and campholenic 
aldehyde decreased by approximately 20%, which corresponds to a loss of about 
20 ppb in the HC mixing ratio. It is unlikely that the wall loss of the α-pinene oxide 
explains this discrepancy as almost no wall loss occurred in the α-pinene oxide blank 
experiment (i.e.,  α-pinene oxide in the chamber, but no seed particles or oxidant). 
Hence, it is reasonable to assume that the ionisation efficiencies of isobaric isomer 
fragments  are  different  for  α-pinene  oxide  and  campholenic  aldehyde,  and  the 
ionisation efficiencies of campholenic aldehyde fragments are generally lower than 
those of α-pinene oxide. Since the exact contributions of campholenic aldehyde and 
other acid-catalysed isomers to the common fragment signals at given experimental 
times  are  not  known,  it  was  not  possible  to  correct  their  changes  in  intensities. 
Therefore, the PTR-MS data was not used to analyse ΔHC in this particular study.
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Δ O3 as a Proxy for ΔHC
When comparing the ozone data from both sets of experiments, distinctively different 
time series were observed for α-pinene oxide and β-pinene oxide in terms of ozone 
consumption. Figure 3-52 shows that ozone consumption increased as a function of 
the particle acidity for both the α-pinene oxide and β-pinene oxide experiments (i.e., 
higher ozone consumption for higher acidity). 
β-Pinene oxide showed ozone consumption even in the presence of pH 4 and 7 seed 
particles,  whereas  very  little  ozone was consumed in  the case  of  α-pinene oxide 
under the same condition. This is most likely due to the nature of  β-pinene oxide, 
which readily isomerises to form reactive VOCs under much milder conditions than 
α-pinene oxide. 
Figure 3-52. Percentage of ozone decay for α-pinene oxide (left) and β-pinene oxide 
(right)  experiments in the presence of different acidic  seed particles.  Both oxides 
show a clear acidity dependency for ozone consumption.
As  described  earlier,  most  of  the  products  originating  from  acid-catalysed 
isomerisation reactions contain a C=C double bond that reacts readily with O3. The 
consumption of O3, shown in Figure 3-52, is consistent with the acidity dependent 
formation of the α-pinene oxide and β-pinene oxide isomerisation products, and the 
formed SOA mass in these experiments. Since one can assume that isomerisation 
products with a double bond react with O3 equimolar, the consumption of O3 in these 
experiments  equals  the  consumption of  the  isomerisation  products (i.e.,  ΔHC). It 
should be noted that the ozonolysis of the isomerisation products likely produced OH 
radicals, similar to any other alkene ozonolysis, and may have contributed to ΔHC in 
these experiments as well. However, the contribution of OH radical to overall SOA 
production appears to be very small in both the α-pinene oxide / O3  / pH 0 and the 
β-pinene oxide / O3 / pH 0 experiments, based on the SOA yield curve obtained from 
campholenic  aldehyde  ozonolysis  and  myrtenol  ozonolysis  in  the  presence  and 
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absence of CO (discussed in the section 3.5.3). Therefore, the following assumption 
was made to derive ΔHC originating from the reaction of isomerised products with 
ozone: 
(Eq-8)
where  ΔHCiso,  O3  is  the  consumption  of  isomerisation  products  from  the 
ozonolysis,ΔO3 is the reacted ozone in the experiment and  ΔO3,  Blank  is the loss of 
ozone in the blank experiment.
Consequently,  the  SOA yield  for  the  ozonolysis  reaction  (Y)  at  a  given  pH  is 
approximated as follows:
(Eq-9)
where ΔM with O3 is the SOA mass obtained from the DMPS measurements for the 
experiment with ozone, assuming ρ = 1 g cm-1, and ΔM without O3 is the SOA mass 
obtained from the DMPS measurements for the corresponding experiment without 
ozone, assuming ρ = 1 g cm-1. In the following section, ΔHCiso, O3 will be used to 
determine the SOA yield.
SOA Formation from the Reaction of Ozone with  α-Pinene Oxide Isomers formed 
through Acid-Catalysed Isomerisation
When ozone was added to the experiment with pH 0 seed particles, an extremely 
large  increase  in  SOA  mass  occurred.  The  organic  mass  formation  for  this 
experiment  was  approximately  90%  higher  than  a  reference  experiment  in  the 
presence of pH 0 particles without ozone (Figure 3-53). In the reference experiment, 
an  organic  mass  production  of  11  μg  m-3 was  observed,  most  likely  due  to  the 
formation  of  diols  and organosulfates  (Figure  3-49).  The experiment  with  ozone 
resulted in the organic mass production of 114 μg m-3. This increase in particle mass 
could  only  originate  from the  oxidation  of  the  reactive  VOCs,  which resulted  in 
aerosol  constituents  other  than  diols  and  organosulfates.  Furthermore,  an 
acidity-dependent  organic  mass  production  was  observed  (Figure  3-53).  The 
experiments with pH 4 and pH 7 seed particles showed little SOA formation, which 
indicated that higher acidity was needed to promote the formation of reactive VOCs 
via a rearrangement reaction.
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Y =
ΔM with O3 − ΔM without O3
ΔHC iso , O3
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Figure 3-53. The observed organic mass increase for the α-pinene oxide experiments 
in the presence of different seed particle acidities and ozone. A reference experiment 
with α-pinene oxide and pH 0 seed particles is shown in pink.
The β-pinene oxide experiments showed a smaller but also significant enhancement 
in  SOA  formation  when  high  acidic  seed  particles  and  ozone  co-existed 
(Figure 3-54).
Figure 3-54. Observed organic mass increases for the  β-pinene oxide experiments 
with ozone in the presence of different seed particle acidities. A reference experiment 
with β-pinene oxide and pH 0 seed particles is shown in pink.
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The experiments with pH 4 and pH 7 seed particles resulted in small particle growth, 
whereas the pH 2 and pH 0 particles showed much higher SOA formation. Compared 
to a reference experiment  with only  β-pinene oxide and pH 0 seed particles,  the 
addition of ozone resulted in a mass increase of 50%. It is noted that β-pinene oxide 
produced a significantly higher amount of SOA with pH 0 seed particles than with 
neutral  seed  particles  even  in  the  absence  of  ozone  due  to  the  formation  of 
organosulfates and diols during the reactive-uptake processes (Iinuma et al., 2009b).
Gaseous  and  particulate  phase  products  were  sampled  using  the  denuder/filter 
technique to detect oxidation products from the reactive SOA precursor. Comparison 
experiments  were  performed  using  the  known  acid-catalysed  isomerisation 
compounds campholenic aldehyde and myrtenol. 
3.5.3 Comparison Experiments 
These  experiments  were carried out  since certain compounds are known to form 
from the rearrangement of epoxides. The aim of these comparison experiments was 
the characterisation of certain oxidation products to indirectly prove the formation of 
suggested monoterpene oxide isomerisation products, which further reacted to form 
specific SOA products. 
3.5.3.1 Campholenic Aldehyde Ozonolysis versus α-Pinene Oxide / O3 / Acidic 
Seed Particle Experiments
Campholenic  aldehyde  is  an  oxygenated  monoterpenoid;  its  occurrence  was 
previously  reported  in  laboratory  α-pinene  oxidation  studies  and  ambient  field 
studies.  Alvarado et  al.  (1998a) observed the mass corresponding to campholenic 
aldehyde in the ozonolysis of  α-pinene and reported a molar yield of 0.6% for the 
detected C10H16O compound. Jaoui and Kamens (2003a), who performed ozonolysis 
experiments with  α-pinene in the presence of NOx,  observed campholenic aldehyde 
from the analysis of denuder samples. Campholenic aldehyde formation was also 
described in the reactions of  α-pinene with NO3 (Berndt and Böge, 1997) and OH 
radicals (van den Bergh et al., 2000, 2004). The existence of campholenic aldehyde 
in ambient aerosol samples was reported from filter measurements (Pio et al., 2001; 
Anttila et al., 2005; Kallio et al., 2006); Weissbecker et al. (2004) described it as a 
wood odour. This compound was also detected as a natural constituent of essential 
oils (e.g., Gogus et al., 2006; Ali et al., 2008; Samaneh et al., 2010) and might be 
also directly emitted.
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In the present study, the ozonolysis of campholenic aldehyde was carried out in the 
presence and absence of CO as an OH radical scavenger. Extremely high SOA yields 
were obtained from both investigations (Figure 3-55). 
Figure  3-55.  SOA yield  curves  (left)  and  aerosol  growth  curves  (right)  for  the 
ozonolysis of campholenic aldehyde in the presence and absence of CO as an OH 
scavenger.
A SOA yield of about 80% was determined in the absence of CO and a somewhat  
lower SOA yield of 75% was determined in the presence of CO. Nevertheless, the 
time-dependent  aerosol  yield  curves  showed  a  similar  pattern  regardless  of  the 
presence or absence of the OH scavenger. Both experiments showed similar growth 
curves except for the final organic mass, which was higher when no CO was added. 
This difference likely originated from the contribution of additional OH reactions 
that contributed to the SOA formation.
A number of carbonyl group-bearing compounds were detected from the analysis of 
denuder samples and are summarised in Table 3-29. One interesting product was the 
m/z 335 compound—in the DNPH derivatised  form—that  showed only one peak 
with  one  DNPH  substitution  (i.e.,  therefore  a  monocarbonyl  compound).  The 
elemental  composition  of  this  compound  corresponds  to  terpenylic  aldehyde 
(C8H12O3). Positive identification was not possible due to the lack of the authentic 
terpenylic  aldehyde  standard.  Nevertheless,  this  supports  the  hypothesis  that 
campholenic  aldehyde  is  a  precursor  compound  for  terpenylic  aldehyde  and 
eventually for terpenylic acid in α-pinene ozonolysis (Claeys et al., 2009).
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335 335.0996 7.4 C14H15N4O6 -0.2 C8H12O3 1 156
347_1 347.1351 10.5 C16H19N4O5 2.8 C10H16O2 1 168
347_2 347.1350 11.5 C16H19N4O5 3.2 C10H16O2 1 168
379 379.1249 12.9 C16H19N4O7 2.7 C10H16O4 1 200
517 517.1420 13.4 C20H21N8O9 3.3 C8H14O3 2 158
529 529.1801 16.0 C22H25N8O8 1.5 C10H18O2 2 170
531 531.1588 14.4 C21H23N8O9 0.9 C9H16O3 2 172
541_1 541.1419 12.6 C22H21N8O9 3.3 C10H14O3 2 182
543 543.1585 12.7 C22H23N8O9 1.5 C10H16O3 2 184





















545 545.1386 13.5 C21H21N8O10 -0.2 C9H14O4 2 186
553 553.1791 16.7 C24H25N8O8 1.8 C12H18O2 2 170
559_2 559.1555 11.3 C22H23N8O10 -2.2 C10H16O4 2 200 e.g.
559_3 559.1557 11.5 C22H23N8O10 -2.5 C10H16O4 2 200
559_4 559.1556 12.2 C22H23N8O10 -2.5 C10H16O4 2 200
559_5 559.1558 12.7 C22H23N8O10 -2.7 C10H16O4 2 200
559_6 559.1562 13.4 C22H23N8O10 -3.4 C10H16O4 2 200
723 723.1807 16.4 C28H27N12O12 9.7 C10H16O3 3 184
3 Results and Discussion
The chemical reaction pathways shown in Figure 3-56 could explain some of the 
detected compounds and their possible structures. One of the most interesting species 
in the reaction pathways is the tricarbonyl compound (m/z 723 a tri-DNPH derivate) 
that  is  further  oxidised  to  highly  oxygenated  low-volatile  species,  which  were 
detected  in  the  filter  samples  (Table  3-30).  The DNPH-derivatised  filter  samples 
showed a number of isobaric isomers (e.g., hydrazones with m/z 409, 543 and 559). 
Due to the lack of authentic standard compounds, no conclusive structures can be 
drawn at this moment. It is interesting to note that campholenic aldehyde ozonolysis 
produced significantly higher numbers of isobaric isomers than the  α- or  β-pinene 
ozonolysis. 
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Figure 3-56. Proposed mechanism for the ozonolysis of campholenic aldehyde. The proposed products detected by the DNPH method are shown 
in red boxes. The oxidation products identified with authentic standards are shown in blue boxes. The tricarboxylic acid in the green box was 
detected from direct filter extract analysis. 
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335 335.0974 7.6 C14H15N4O6 7.0 C8H12O3 1 156
347 347.1337 11.5 C16H19N4O5 7.0 C10H16O2 1 168
379 379.1249 2.7 C16H19N4O7 2.6 C10H16O4 1 200
381_1 381.1043 2.4 C15H17N4O8 2.4 C9H14O5 1 202 e.g.
381_2 381.1036 3.5 C15H17N4O8 4.2 C9H14O5 1 202
381_3 381.1033 4.4 C15H17N4O8 4.8 C9H14O5 1 202
395 395.1195 4.6 C16H19N4O8 3.3 C10H16O5 1 216
409_1 409.0997 2.6 C16H17N4O9 1.0 C10H14O6 1 230
409_2 409.0991 3.0 C16H17N4O9 2.5 C10H14O6 1 230





















409_3 409.0989 3.6 C16H17N4O9 2.9 C10H14O6 1 230
409_4 409.0995 4.3 C16H17N4O9 1.4 C10H14O6 1 230
541_1 541.1416 12.7 C22H21N8O9 3.9 C10H14O3 2 182
543_1 543.1550 12.7 C22H23N8O9 8.1 C10H16O3 2 184
543_2 543.1210 14.2 C21H19N8O10 3.6 C9H12O4 2 172
543_3 543.1567 14.9 C22H23N8O9 4.9 C10H16O3 2 184
543_4 543.1568 15.4 C22H23N8O9 4.7 C10H16O3 2 184
545_1 545.1358 9.2 C21H21N8O10 5.1 C9H14O4 2 186
545_2 545.1352 9.8 C21H21N8O10 6.3 C9H14O4 2 186
545_3 545.1376 11.4 C21H21N8O10 1.9 C9H14O4 2 186
545_4 545.1474 12.0 C21H21N8O10 -16.2 C9H14O4 2 186





















545_5 545.1356 12.5 C21H21N8O10 5.6 C9H14O4 2 186
545_6 545.1364 13.1 C21H21N8O10 4.0 C9H14O4 2 186
545_7 545.1403 13.5 C21H21N8O10 -3.1 C9H14O4 2 186
557 557.1383 11.7 C22H21N8O10 0.5 C10H14O4 2 198
559_1 559.1552 9.1 C22H23N8O10 -1.7 C10H16O4 2 200 e.g.
559_2 559.1526 11.3 C22H23N8O10 3.1 C10H16O4 2 200
559_3 559.1537 11.5 C22H23N8O10 1.0 C10H16O4 2 200
559_4 559.1557 12.0 C22H23N8O10 -2.5 C10H16O4 2 200
559_5 559.1541 12.3 C22H23N8O10 0.3 C10H16O4 2 200
559_6 559.1542 12.7 C22H23N8O10 0.1 C10H16O4 2 200





















559_7 559.1534 13.4 C22H23N8O10 1.5 C10H16O4 2 200
573_1 573.1311 11.2 C22H21N8O11 4.3 C10H14O5 2 214
573_2 573.1305 12.4 C22H21N8O11 5.2 C10H14O5 2 214
3 Results and Discussion
The  chromatograms  obtained  from  the  campholenic  aldehyde  ozonolysis  were 
compared to the samples from the α-pinene oxide / O3  / pH 0 experiment. Some of 
the observed products showed matching retention times and elemental compositions. 
This  included  the  tricarbonyl  compound  from  the  denuder  analysis  (m/z 723), 
terpenylic aldehyde (m/z 335), and some functionalised carboxylic acids such as m/z 
559  (Figure  3-57  A,  B,  C).  All  the  obtained  chromatograms  were  compared  to 
experiments without ozone and chamber blank samples – no corresponding product 
peaks  were  found  in  these  experiments.  Since  specific  oxidation  products  from 
campholenic  aldehyde  were  observed  in  the  α-pinene  oxide  /  O3  /  acidic  seed 
experiment, it is reasonable to conclude that the campholenic aldehyde forms from 
α-pinene oxide in the presence of acidic seed particles. Its subsequent reaction with 
ozone  leads  to  the  formation  of  the  campholenic  aldehyde  oxidation  products 
observed in the present study. 
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Figure  3-57.  Extracted  ion  chromatograms  (EIC)  for  some  oxidation  products 
detected in the campholenic aldehyde oxidation and the α-pinene oxide / O3 / pH 0 
experiments.  They  are  a  tricarbonyl  compound  from  denuder  analysis  (A),  the 
terpenylic aldehyde in filter samples (B) and a C10H16O4 compound containing two 
carbonyl groups detected as a particulate constituent (C).
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An increase in product  formation was observed with the rising pH value of seed 
particles in the α-pinene oxide / O3 / acidic seed experiments. This was observed for 
the  particle-phase  terpenylic  aldehyde  (m/z 335  as  carbonyl-hydrazone)  and  its 
subsequent oxidation product, terpenylic acid (m/z 171) (Figure 3-58). This finding 
further  supports  the  formation  route  of  terpenylic  acid  proposed  by  Claeys  et 
al. (2009). 
Other campholenic aldehyde oxidation products such as the tricarbonyl compound 
(m/z 723 as carbonyl-hydrazone) and the proposed oxo-dicarboxylic acid (m/z 215) 
showed  similar  behaviours;  increasing  formation  with  higher  particle  acidity  as 
shown in Figure 3-59. 
Figure 3-58. Acidity-dependent increase in product formation for terpenylic aldehyde 
(left)  and terpenylic  acid (right)  in the  α-pinene  oxide /  O3 /  acidic  seed particle 
experiments.
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Figure  3-59.  Acidity-dependent  increase  in  product  formation  for  the  tricarbonyl 
compound  (left)  and  oxo-dicarboxylic  acid  (right)  that  could  be  related  to 
campholenic aldehyde ozonolysis products.
Assuming that one molecule of campholenic aldehyde reacts with one molecule of 
ozone;  campholenic  aldehyde  consumption  is  equal  to  the  reacted  ozone  in  the 
α-pinene oxide / O3 /  seed particle experiments. Based on this relationship, ozone 
consumption from the reaction of the reactive intermediate  was corrected for the 
ozone loss in the α-pinene oxide / O3 / pH 7 experiment as no product formation was 
observed  in  the  presence  of  neutral  seed  particles.  This  procedure  allows  the 
determination of  ΔHC. Particle losses were also corrected similarly by subtracting 
the loss observed in the  α-pinene oxide experiment in the presence of ozone and 
neutral seed particles. The formed organic mass in the  α-pinene oxide / O3 / seed 
particle experiments was corrected for the reactive uptake related mass increase (i.e., 
organosulfates and diols) using the data obtained from the corresponding experiment 
without  ozone.  This  allows  the  estimation  of  the  particulate  mass  that  solely 
originated from the ozonolysis of the isomerised compounds (ΔM). In this way, it 
was possible to estimate the SOA yield from the reaction of the intermediate and 
ozone.  As  shown in  Figure  3-60,  a  SOA yield  of  59% was  estimated  from the 
α-pinene oxide / O3 / pH 0 experiment.
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Figure  3-60.  Time-dependent  SOA yield  curve  (top)  and  aerosol  growth  curve 
(bottom) for the α-pinene oxide / O3 / pH 0 experiment. Corrections were performed 
using the data from the α-pinene oxide / no O3 / pH 0 experiment (for ΔM) and the 
α-pinene oxide / O3 / pH 7 experiment (for ΔHC) as described in the text.
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The obtained value is higher than the SOA yields reported for α-pinene ozonolysis, 
which typically lie between 8 and 35 % (section 3.4.1.1).
When SOA yield curves are plotted for α-pinene oxide / O3 / pH 0 and campholenic 
aldehyde / O3 / pH 2 experiments, they connect nicely as a function of initial mixing 
ratios and formed organic mass (Figure 3-61 left). This is also the case at the low 
organic mass loading (Figure 3-61 right).
Figure 3-61. SOA yield curves (left) for the different initial concentrations used in 
the α-pinene oxide / O3 / pH 0 experiments and the campholenic aldehyde ozonolysis 
experiment (purple). A logarithmic scale on the x-axis for the formed organic mass 
(right) emphasises the lower concentration range. 
For  the  β-pinene  oxide  /  O3 /  seed  particle  experiments,  the  SOA yield  was 
determined using a similar approach to derive the aerosol yield from the ozonolysisis 
of reactive VOCs that originated from the acid catalysed isomerisation. Figure 3-62 
presents  the SOA yield and aerosol growth from the  β-pinene oxide /  O3 /  pH 0 
experiment and shows that in the case of  β-pinene oxide, non-volatile compounds 
form relatively quickly, leading to SOA yields over 100%. 
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Figure  3-62.  Time-dependent  SOA yield  curve  (top)  and  aerosol  growth  curve 
(bottom) for the β-pinene oxide / O3 / pH 0 experiment. Corrections were performed 
using data  from the  β-pinene oxide /  no O3 /  pH 0 experiment (for  ΔM) and the 
β-pinene oxide / O3 / pH 7 experiment (for ΔHC) as described in the text.
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These  experiments  demonstrate  that  rearrangement  reactions  and  the  subsequent 
oxidation of highly reactive intermediates significantly contribute to SOA formation. 
The reaction of monoterpene oxides on the particle surface provides an additional, 
and so far unrecognised, pathway to SOA formation. Most importantly, it explains a 
process leading to enhanced SOA formation in the presence of acidic seed particles. 
Nevertheless, this process likely explains only a part of the observed enhanced SOA 
formation in the  α-pinene ozonolysis as only 3% yield of the  α-pinene oxide have 
been reported. In addition only small  intensities of campholenic aldehyde specific 
oxidation products were detected in the  α-pinene ozonolysis samples. It might be 
possible that the seed particle pH value of 2 was too low to lead to a significant effect  
in the ozonolysis study as described in section 3.5.2.
3.5.3.2 Myrtenol Ozonolysis versus β-Pinene Oxide / O3 / Acidic Seed Particle 
Experiments
Myrtenol, which has an  α-pinene structure with an allylic OH group (as shown in 
Figure  3-24  in  section  3.4.1.2),  is  expected  to  form  from  the  acid-catalysed 
rearrangement of β-pinene oxide. Therefore, myrtenol ozonolysis was investigated in 
the  presence  and  absence  of  CO  as  an  OH  radical  scavenger.  Both  types  of 
experiments showed similar time-dependent SOA yield curves (Figure 3-63 left) and 
SOA growth curves (Figure 3-63 right). However, the final organic mass was higher 
in  the  experiment  without  CO  since  additional  OH  radical  reactions  likely 
contributed to SOA and the consumption of HC. 
Figure  3-63.  SOA yield  curves  (left)  and  aerosol  growth  curves  (right)  for  the 
ozonolysis of myrtenol in the presence and absence of CO as an OH scavenger.
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Only  a  few  products  containing  carbonyl  groups  were  detected  in  the  myrtenol 
oxidation samples. This included an hydroxy-dicarbonyl compound in the denuder 
samples,  which  corresponded  to  an  hydroxy-pinonaldehyde  and  a  tricarbonyl 
compound corresponding to oxo-pinonaldehyde. Only one major oxidation product 
containing  a  carbonyl  group  was  observed  from  the  filter  analysis.  This  was  a 
di-DNPH derivate of a C10H18O4 compound (Mw 202, detected at m/z 561 as a DNPH 
derivative). Based on the elemental composition and the number of H atoms in this 
molecule,  C10H18O4  is  thought  to  be  a  ring-opening  compound.  Although  several 
peaks  were  detected  at  m/z  561  from the  myrtenol  oxidation  filter  analysis,  the 
observed peak from the  β-pinene oxide experiments had a different retention time 
(Figure  3-64),  which  indicated  a  different  structure  from  that  of  the  myrtenol 
oxidation product. 
Figure 3-64. Comparison of filter samples from the myrtenol ozonolysis with those 
from  the  β-pinene  oxide  /  O3 /  acidic  seed  experiments  for  the  di-hydrazone 
compounds detected at m/z 561.
Since the  m/z  561 compound showed an enhanced formation with increasing seed 
particle acidity in the presence of ozone (Figure 3-65), a precursor for the  m/z 561 
compound likely formed during the acid-catalysed rearrangement reaction and was 
subsequently oxidised by ozone. 
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Figure 3-65. Acidity-enhanced formation of the m/z 561 compound in the  β-pinene 
oxide / O3 / acidic seed experiments.
The  m/z 561  compound  detected  in  the  myrtenol  oxidation  experiments  may  be 
explained by the formation of hydroxy-campholenic aldehyde (Figure 3-66) and its 
subsequent oxidation. Although no conclusive evidence can be presented due to the 
lack  of  the  authentic  standard compound,  the  acidity-dependent  formation  of  the 
oxidation  products  supports  this  observation.  Further  studies  are  necessary  to 
elucidate the structure and its formation process. 
Figure  3-66.  Suggested  rearrangement  reaction  for  the  formation  of  hydroxy-
campholenic aldehyde.
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3.5.4 Acid-Catalysed Isomerisation of α-Pinene Oxide in a Bulk Acidic 
Solution
Bulk Experiments using a Glass Bottle 
Bulk  acid-catalysed  isomerisation  studies  were  performed  to  check  if  an 
acidity-dependent rearrangement also occurred in simple beaker experiments. To this 
end, the α-pinene oxide was constantly injected into an airflow using a syringe pump. 
The airflow led to a small glass bottle containing solutions with different pH values. 
These solutions had the same composition as the primary seed particles used for the 
chamber experiments. The airflow was connected to the sampling loop of a cryo-
GC/MS  instrument  to  analyse  the  resulting  products  (see  Figure  2-5  in  the 
Experimental section). 
Since higher concentrations of monoterpene oxides were used in these bulk studies, 
higher  amounts  of  rearrangement  products  were  detected  than  in  the  chamber 
experiments. The resulting products were confirmed using the NIST MS library and 
the authentic standard compounds. 
Since  α-pinene  oxide  is  commercially  available  in  97%  purity,  it  was  directly 
injected into the GC/MS without cryo-focusing. As shown in Figure 3-67, a small 
discrepancy  between  the  measured  and  library  mass  spectra  was  noted.  The 
comparison showed differences in mass fragments and their distribution and might 
be caused by different instrumental set-ups. Nevertheless, the retention time of the 
α-pinene oxide standard in the chromatogram obtained in the present study was used 
to distinguish the epoxide from other rearrangement products. 
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Figure 3-67. α-Pinene oxide standard measured by direct injection into GC/MS. 
A blank experiment  was performed using only  α-pinene  oxide  in  the  air  stream, 
which was led into the empty glass bottle, and analysed by cryo-GC/MS. A small 
occurrence  of  rearrangement  products  was  observed  (Figure  3-68).  Glass  has  a 
relatively polar surface due to its silanol groups, which can provide acidic sites for 
rearrangement reactions.
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Figure 3-68. Total ion chromatogram for the  α-pinene oxide bulk study where the 
pure compound was injected into an air stream, which was led into an empty glass 
bottle.
Afterwards,  the glass bottle was filled with solutions with increasing acidity.  The 
flask was cleaned with Milli-Q water and dried with compressed air between the 
measurements.  Figure  3-69 shows the chromatograms from the  experiments  with 
pH 7 and pH 0 solutions.
Figure 3-69. Total ion chromatograms from the experiments where  α-pinene oxide 
was introduced into a pH 7 solution (top) and a pH 0 solution (bottom). 
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As can be seen in Figure 3-69, the ratio between  α-pinene oxide and campholenic 
aldehyde changed dramatically as the pH value decreased, while the intensities of 
other products, such as pinocamphon and pinocarveol, remained relatively constant. 
The ratios of both areas were determined and plotted as a function of the pH value 
(Figure 3-70). The ratio of  α-pinene oxide and campholenic aldehyde also changed 
significantly in experiments where the gas stream was passed over the solutions. The 
observed effect was smaller due to a shorter contact time. 
Figure  3-70.  Changes  in  the  ratio  of  α-pinene  oxide  /  campholenic  aldehyde  in 
relation to the pH value of the solution when the airflow was led in or passed over 
the solution.
These  experiments  support  the  hypothesis  that  acid-catalysed  rearrangement 
reactions readily occur when the gas-phase  α-pinene oxide collide with acidic seed 
particles.  The  experiments  also  agree  with  the  occurrence  of  increasing  ozone 
consumption in the presence of rising seed particle acidities in α-pinene oxide / O3 / 
seed particle experiments (section 3.5.2). This might indicate that the rearrangement 
occurs at the particle surface and does not require being a bulk process. This agrees 
with  the  suggestion  how  organosulfates  form  (Lukácz  et  al.,  2009);  as  a  result 
semivolatile organic compounds react with sulphuric acid and form an organic film. 
This can be experimentally clarified for example with microscopic studies.
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3.5.5 Atmospheric Relevance 
From the analysis of the ambient filter samples collected in Seiffen, Germany some 
of  the  particulate  products  detected  in  the  chamber  experiments  could  be  also 
observed.  This  included  some  of  the  specific  oxidation  products  from  the 
campholenic  aldehyde  ozonolysis,  which  indicates  the  atmospheric  relevance  of 
campholenic aldehyde SOA.
The  α-pinene oxide / O3 / pH 0 and campholenic aldehyde ozonolysis experiments 
demonstrated that a number of species containing carbonyl groups contributed to 
their SOA. Terpenylic aldehyde (m/z 335 as DNPH in a derivatised form) was also 
detected  in  ambient  samples,  which  proves  the  importance  of  this  intermediate 
product as an aerosol constituent (Figure 3-71).
Figure 3-71. Comparison of ambient filter  samples collected in Seiffen, Germany 
with  a  filter  from the  α-pinene  ozonolysis  showing the  occurrence  of  terpenylic 
aldehyde in ambient samples.
Figure 3-72 compares the  m/z 335 peaks from the filter  samples  of  campholenic 
aldehyde ozonolysis, the α-pinene ozonolysis and the Seiffen samples. The presence 
of a  m/z 335 peak in both systems, the campholenic aldehyde ozonolysis and the 
α-pinene ozonolysis, suggests that this compound is the result of the rearrangement 
of α-pinene oxide to campholenic aldehyde, and its subsequent reaction with ozone. 
It  is  noted  that  the  retention  time  differs  from  the  analysis  performed  in  2008 
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(Figure 3-71) and 2011 (Figure 3-72) due to chromatographic conditions,  and the 
peak intensity degraded during the sample storage time. Nevertheless,  it  was still 
possible  to  assign  terpenylic  aldehyde  from  the  obtained  extracted  ion 
chromatograms.
Figure  3-72.  Reanalysis  of  an  ambient  filter  sample  and  comparison  to  the 
campholenic aldehyde and  α-pinene ozonolysis that enabled the assignment of the 
m/z 335 compound as terpenylic aldehyde.
3.5.6 Terpenylic Aldehyde - An Important Early Generation Oxidation
Product
Since  terpenylic  aldehyde  was  detected  in  α-pinene  ozonolysis  and  campholenic 
aldehyde ozonolysis SOA, the mechanisms leading to the formation of terpenylic 
acid can be inferred from the oxidation of these VOCs. The formation of a lactone 
structure  containing  terpenylic  acid  occurred  at  a  very  early  stage  in  α-pinene 
oxidation. Claeys et al. (2009) have suggested an eight-step formation mechanism to 
form terpenyclic aldehyde. The further oxidation of terpenylic aldehyde takes place 
in the particle-phase by converting the aldehyde to the carboxylic acid. 
Interestingly,  terpenylic  aldehyde  was  also  observed  in  chamber  filter  samples 
collected after the oxidation of other monoterpenes and OVOCs. This included the 
β-pinene ozonolysis without a scavenger, myrtenol ozonolysis and the reaction of 
nopinone with OH radicals (Figure 3-73). This indicated that terpenylic aldehyde and 
the subsequent formation of carboxylic acid in the particle-phase were important for 
α-pinene  SOA as  well  as  for  the  SOA formation  from  other  monoterpenes  and 
OVOCs. Since terpenylic acid is described as an early generation oxidation product, 
knowledge on the formation of terpenylic aldehyde might clarify the formation and 
growth  of  monoterpene  SOA  in  both  chamber  experiments  and  the  ambient 
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atmosphere.  The  initial  steps  of  aerosol  formation  are  still  largely  unknown, 
especially since the involved chemical species are rarely identified or characterised. 
Further research is necessary to characterise the formation of terpenylic aldehyde in 
the gas-phase, particularly during the early stages of monoterpene oxidation.
Figure 3-73. Comparison of different filter samples from different monoterpenes and 




The present study showed that compound-specific optimal conditions existed for the 
sampling  and  analysis  of  carbonyl  compounds  using  the  denuder/filter  sampling 
technique.  As  a  consequence,  it  was  necessary  to  determine  and  consider 
compound-specific optimal conditions that would enable a reliable analysis. Target 
species-specific analytical techniques might be necessary for the application of this 
technique to determine the ambient gas-phase concentrations of carbonyl compounds 
reliably.  α-Pinene and  β-pinene ozonolysis showed significant differences in their 
SOA formation potential when CO was used as an OH radical scavenger. This led to 
an HO2/RO2 ratio of approximately 1, which was notably higher than the ratio when 
no OH scavenger was used. Under the high HO2/RO2 condition, a significant increase 
in  SOA formation  during  the  α-pinene  ozonolysis,  especially  in  the  presence  of 
acidic  seed  particles,  was  observed.  Past  studies  have  reported  HO2/RO2 ratios 
between 0.25 and 1.33 from atmospheric measurements (Stevens et al., 1997; Hanke 
et al., 2002; Mihelcic et al., 2003; Fuchs et al., 2008; Hornbrook et al., 2011), which 
indicate that the experimental conditions in the present study were largely consistent 
with atmospheric conditions. The obtained results provide valuable data to improve 
the understanding of SOA formation under atmospherically relevant conditions. This 
kind of information is essential for reducing the discrepancy between observed SOA 
concentrations in the atmosphere and those predicted by models.
The present study supported that the acid-catalysed production of higher molecular 
weight compound from C10 organic peroxides, which form during the ozonolysis of 
α-pinene under elevated HO2/RO2 conditions, might explain the observed increase in 
aerosol growth. This leads to the conclusion that non-oxidative processes can be very 
important in SOA formation. Such heterogeneous reactions were generally addressed 
to carbonyl compounds and their consecutive reactions, which were shown to have 
only  a  marginal  effect  on  SOA growth  in  the  present  investigation.  As  a  result, 
further studies are needed to characterise the products from organic peroxides and 
determine their atmospheric relevance.
An  opposite  behaviour  in  the  presence  of  CO was  observed  from  the  β-pinene 
ozonolysis performed in the present study. Even small structural differences in the 
parent hydrocarbons (endo- and exocyclic double bonds) can result  in an entirely 
different  SOA formation  behaviour.  These  results  indicate  that  it  is  important  to 
consider the structural  differences  of  SOA precursor compounds to  better  predict 
atmospheric SOA concentrations.
The present study presented a previously unrecognised process that contributed to 
SOA growth significantly. The isomerisation of monoterpene oxides on acidic seed 
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particles  led  to  the  formation  of  highly-reactive  SOA precursors.  Their  further 
reaction  with  ozone  was  shown  to  increase  organic  aerosol  mass  significantly. 
Rearrangement  reactions  that  lead  to  even  more  reactive  compounds  might  also 
explain part of the observed discrepancy between the measured and modelled OH 
concentrations  detected  in  forested  regions  (Carslaw  et  al.,  2001;  Di  Carlo 
et al., 2004) with a determined missing OH reactivity of 50% in the boreal forest 
(Sinha et al., 2010). In this context, Carslaw et al. (2001) pointed out the significance 
of the ozonolysis of biogenic alkenes as an OH source, and the missing VOCs have 
been widely speculated (see review by Hallquist et al., 2009 and references therein). 
Furthermore,  in-canopy  reactions  of  ozone  with  highly  reactive  BVOCs  were 
proposed to explain the magnitude of ozone fluxes in forests (Kurpius and Goldstein, 
2003).  Such  highly  reactive  BVOCs  were  assumed  to  be  unsaturated,  cyclic 
terpenoid hydrocarbons (Wolfe et al., 2011c). Since a previous study performed in 
Hyytiälä  suggested  that  aldehydes  with  higher  molecular  weights  contribute 
significantly  to  the  OH  reactivity  of  boreal  forest  air  (Hellén  et  al.,  2004),  the 
campholenic aldehyde determined in the present study may be one of the missing 
VOCs. 
In  addition,  an  acidity  dependency  of  SOA  formation  was  observed  in  the 
monoterpene oxide experiments. This provides an additional theory to explain the 
enhanced SOA formation often observed in monoterpene oxidation in the presence of 
acidic  seed particles.  With these experiments,  the  formation of  specific  oxidation 
products—terpenylic  aldehyde  and  terpenylic  acid—has  been  mechanistically 
explained,  which  was  not  possible  when  only  a  traditional  precursor,  such  as 
α-pinene,  was  considered.  The  present  study  tentatively  identified  terpenylic 
aldehyde and the atmospheric relevance of this compound was proven using ambient 
filter measurements. This compound can play an important role in atmospheric SOA 
formation  since  it  has  been  detected  in  laboratory  experiments  in  the  gas-  and 
particle-phase  and  represented  an  intermediate  for  terpenylic  acid  production. 
Although it is likely that other routes also lead to terpenylic aldehyde production, this  
compound seems to represent an important particulate constituent that enables the 
connection between the gas- and particle-phase processes.
Outlook
The oxidation of intermediates and first-generation oxidation products in chamber 
studies  might  help  to  improve the  knowledge  on the  formation  mechanisms and 
products contributing to SOA. Nevertheless, it might be necessary to design chamber 
experiments  differently,  especially  since  experiments  at  low  mass  loadings  are 
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desirable to simulate atmospheric conditions and most uncertainties exist  in these 
regions. Time-resolved measurements will be helpful to better characterise products 
from the initial  stage  of  aerosol  formation,  for  example  by using a  particle-into-
liquid-sampler (PILS). Specific analytical techniques are also necessary for ambient 
measurements to  enable the characterisation of products from the initial  stage of 
particle formation and to confirm their atmospheric relevance.  Furthermore, these 
additional chemical pathways, which were proven to affect SOA formation and its 
evolution, must be incorporated in SOA formation models in order to better predict 




The  present  study  dealt  with  the  evaluation  of  a  derivatisation  reaction  for 
atmospherically relevant carbonyl compounds and its application to a denuder/filter 
sampling technique. The denuder/filter technique was comprehensively characterised 
and applied to different types of aerosol chamber SOA formation experiments. In 
these investigations,  the reaction of monoterpenes  and other biogenic VOCs with 
ozone was examined,  and the product  distributions in  the gas-and particle-phases 
were studied under different conditions in conjunction with other potential processes 
that contribute to SOA formation. 
Carbonyl Derivatisation using 2,4-Dinitrophenylhydrazine (DNPH)
A derivatisation  for  the  carbonyl  compounds  that  originate  from  monoterpene 
oxidation was evaluated using the reagent 2,4-dinitrophenylhydrazine. Section 3.1.1 
showed that derivatisation with higher Mw carbonyl  compounds requires a longer 
reaction time (more than six hours), compared to the values reported in the literature 
for  low Mw carbonyl  compounds  (several  minutes  to  few hours).  Moderate  acid 
concentration  in  the  lower  mM  range  was  found  to  catalyse  the  derivatisation 
reaction more effectively than the higher mM range. It was necessary to remove the 
acid afterwards and a solid phase extraction step was proven to be a good sample 
purification  method  based  on  the  determined  recoveries  and  relative  standard 
deviations  (section  3.1.2).  The  higher  Mw carbonyl-hydrazones,  which  were  of 
interest  in  the  present  study,  showed  average  recoveries  larger  than  86%  for 
campholenic aldehyde, nopinone and pinonaldehyde with a RSD (relative standard 
deviation) of 14% maximum. Small and functionalised carbonyl compounds tend to 
show lower  recoveries,  as  demonstrated  by formaldehyde,  acetone,  acetaldehyde, 
pinonic acid and norpinonic acid and have recoveries of more than 40% and RSD 
values smaller than 13%. 
A  method  for  the  liquid-chromatographic  analysis  of  carbonyl-hydrazones  was 
evaluated  in  the  present  study  (section  3.1.3).  All  the  investigated  carbonyl-
hydrazones  showed  appropriate  quantification  parameters  using  the  HPLC/
(-)ESI-TOFMS method with a coefficient of determination (R2) larger than 0.9850 
and up to 0.9999 for formaldehyde, acetone,  acetaldehyde, campholenic aldehyde 
and nopinone. 
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The determined LODs were sufficiently low with a minimum LOD value of 0.01 μM 
for methylbenzochinon, nopinone, pinonaldehyde, pinonic acid and norpinonic acid 
(2 μL injection).
Application to a Denuder/Filter Sampling Technique
A denuder/filter sampling technique that enables the simultaneous determination of 
gaseous and particulate compounds was applied for the determination of semivolatile 
carbonyl  compounds  in  chamber  studies.  To  reduce  uncertainties  from  denuder 
measurements,  the  technique  was  characterised  using  twelve  atmospherically 
relevant carbonyl compounds. In the present study, the denuders coated with XAD-4 
resin  and  the  ones  coated  with  XAD-4/DNPH  for  simultaneous  trapping  and 
derivatisation were compared. It was shown that the modification of a resin coating 
procedure  improved  the  denuder  performance  significantly  (section  3.2);  the 
application of a vacuum drying step enhanced the trapping of carbonyl compounds 
significantly (e.g., up to 27% for campholenic aldehyde). 
As  discussed  in  section  3.2.1,  the  sampling  conditions  can  affect  denuder 
performance  significantly.  Optimal  sampling  parameters  were  determined  to  be 
10 L min-1 at a relative humidity of 50%. It was demonstrated that the application of 
DNPH  on  the  denuder  surface  reduced  the  break-through  potential,  and  hence, 
improved  the  denuder  performance.  In  comparison  to  the  XAD-4-only  coated 
denuder, the break-through potential was reduced from 98% to 0.9% for methyl vinyl 
ketone  when  the  denuder  was  coated  with  XAD-4/DNPH.  Especially  for  highly 
volatile species, the fraction of carbonyl compounds on the filter material, and thus, 
the positive artefacts, were reduced noticeably using XAD-4/DNPH denuders. For 
example, the acetone fraction detected in the filters was reduced from 8.7% to 0% 
when the XAD-4/DNPH denuder was used.
Calibration  experiments  against  the  LEAK  chamber  were  also  performed 
(section 3.2.3).  This  method reduces  uncertainties  related  to  the  quantification  of 
gaseous carbonyl compounds from denuder measurements because the losses and 
errors associated with the denuder sampling, extraction and sample preparation are 
included  in  the  calibration  curves.  It  was  possible  to  reduce  the  RSD  at  each 
calibration concentration significantly when XAD-4/DNPH denuders were used. For 
example, the RSD values were reduced by half for acetone, acetaldehyde, methyl 
vinyl  ketone,  glyoxal,  benzaldehyde  and  campholenic  aldehyde.  As  more 
reproducible  measurements  were  achieved  using  XAD-4/DNPH  denuders,  more 
reliable calibration curves were produced for this type of denuder with R2 values of 
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up to 0.991 for nopinone. The present study demonstrated that quantification using 
the denuder sampling technique  can be improved significantly when the  denuder 
surface is treated appropriately for the target compounds. 
Furthermore,  the  LOD  values  were  reduced  significantly  by  up  to  one  order  of 
magnitude  for  the  XAD-4/DNPH  denuders,  as  demonstrated  by  hydroxyacetone, 
methyl vinyl ketone and campholenic aldehyde. These LOD values were sufficiently 
low for an ambient application. 
Compounds that  could not  be  vaporised  quantitatively into the gas-phase for  the 
chamber  experiments  were  spiked in  the  denuder  to  characterise  their  recoveries 
(i.e., multifunctionalised carboxylic acids such as norpinonic acid and pinonic acid). 
Approximately  70%  of  these  less  volatile  compounds  were  recovered  from  the 
XAD-4/DNPH  denuders.  Based  on  their  denuder  sampling  characteristics, 
norpinonic  acid  and  pinonic  acid  were  used  as  surrogate  compounds  for  the 
quantification  of  unknown  oxidation  products  that  formed  in  the  monoterpene 
ozonolysis and had a similar elemental composition. 
α-Pinene and β-Pinene Ozonolysis
Section 3.4.1 described the monoterpene ozonolysis. It  was demonstrated that the 
presence of acidic seed particles and the addition of CO as an OH radical scavenger 
affected the SOA yields of both the α- and β-pinene ozonolysis. In comparison to the 
neutral seed particle case, the SOA yield was enhanced by about 8% when CO and 
acidic  seed  particles  co-existed  in  the  α-pinene  ozonolysis.  In  contrast,  the  SOA 
yields were reduced by about 10% in the presence of CO in the β-pinene ozonolysis. 
The opposite tendency between the exocyclic β-pinene and the endocyclic α-pinene 
occured  in  both  the  neutral  and  acidic  seed  particle  experiments.  Unlike  in  the 
α-pinene ozonolysis, only a marginal increase in SOA yield (~ 2%) was observed for 
the  β-pinene  ozonolysis  with  CO  in  the  presence  of  acidic  seed  particles.  The 
addition of CO to the α-pinene ozonolysis increased the SOA yield from 25% to 32% 
when  acidic  seed  particles  were  used.  This  increase  was  likely  caused  by  the 
acid-catalysed production of higher molecular weight compounds from C10 organic 





Eleven  compounds  were  detected  in  the  denuder  extracts  from  the  α-pinene 
ozonolysis samples that had corresponding signals in the PTR-MS instrument and 
chemical  structures  for  seven  compounds  were  proposed.  Amongst  these,  two 
compounds were identified – verbenone and pinonaldehyde. The yields determined 
from the PTR-MS and the denuder samples showed that the estimated yields for 
these  seven  compounds  laid  in  the  range  of  1  to  8% except  for  pinonaldehyde. 
Pinonaldehyde  –  a  main  oxidation  product  from  the  α-pinene  oxidation  –  was 
determined  in  the  present  investigation  to  have  a  yield  of  20-33%.  This  was  in 
agreement with previous studies that used PTR-MS measurements (Lee et al., 2006; 
Tillmann et al., 2010). Terpenylic aldehyde and 1-[3-(hydroxymethyl)-2,2-dimethyl-
cyclobutyl]ethanone were tentatively identified in  the present  study and gas- and 
particle-phase yields were estimated for the first time. Both compounds had molar 
yields  of  approximately  1%.  Only  terpenylic  aldehyde  was  detected  in  the 
particle-phase with a yield of about 0.4%.
Several monomeric compounds were detected in the particle samples, most of them 
being  functionalised  carboxylic  acids.  Based  on  the  determined  elemental 
composition and their chromatographic behaviours, the tentative structures for five 
functionalised  carboxylic  acids  were  provided  in  the  present  study.  The  applied 
derivatisation of the particle-phase constituents enabled the discrimination of isobaric  
isomers.  For  example,  three  isomers  of  oxo-pinonic  acids  were  separated  and 
individually quantified. About 20% of the organic mass was resolved in the present 
study from the sum of the determined concentrations of the monomeric oxidation 
products. 
Thirteen  semivolatile  compounds  were  detected  in  both  the  denuder  and  filter 
samples,  and  the  partitioning  coefficients  (Ki)  were  determined  for  eleven 
compounds. The derived Ki values for the functionalised carboxylic acids were in the 
range of 10-3 m3 µg-1 for each of the experimental conditions. In general, the Ki values 
for the carbonyl compounds were approximately one order of magnitude lower than 
those for carboxylic acid (i.e., 10-4 m3 µg-1). 
In contrast to the α-pinene ozonolysis, only a small number of compounds containing 
a carbonyl group were detected in the  β-pinene ozonolysis samples.  The denuder 
analysis revealed six carbonyl compounds with corresponding signals in the PTR-
MS instrument.  The gas-phase  yield  of  nopinone—the main  oxidation  product—
agreed well with both the denuder and the PTR-MS measurements and fell within 
12% for all the performed experiments. From the denuder analysis, it was possible to 
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discriminate  between  three  isomers  of  hydroxy-nopinone  and  the  3-hydroxy-
nopinone was identified using an authentic standard. The 3-hydroxy-nopinone was 
the main component of the hydroxy-nopinones with a yield of about 2%.
Evidence  was provided for  a  new oxidation  product  that  represented  an  isobaric 
isomer of  norpinonic acid  that  was  present  in  the  gas-  and particle-phase.  Other 
particle-phase constituents were not determined well, as only 3 to 12% of the organic 
matter could be resolved in the present study.
Investigation of Monoterpene Oxides and their SOA Formation Potential via Acid-
Catalysed Rearrangement
The present  investigation used monoterpene oxides to reveal another process that 
contributes  to  enhanced  aerosol  formation  under  acidic  conditions.  It  was 
demonstrated  that  the  acid-catalysed  isomerisation  of  α-pinene  oxide  on  seed 
particles led to the production of highly reactive SOA precursors. In the presence of 
pH 0 seed particles and ozone, these precursors led to an organic mass increase of 
90%,  compared  to  a  reference  experiment  that  was  performed  without  ozone. 
Although slightly lower, the β-pinene oxide rearrangement on pH 0 seed particles in 
the presence of ozone also resulted in a significant mass increase of 50%, compared 
to the reference experiment without ozone.
The SOA yield from the α-pinene oxide / O3 / pH 0 experiment was determined to be 
0.59,  and  therefore,  about  25% higher  than  the  SOA yield  determined  from the 
α-pinene ozonolysis under similar conditions in the present study. This previously 
unrecognised pathway of isomerisation reactions, with subsequent reactions of the 
formed SOA precursor, partly explained the formation of certain oxidation products 
(i.e., terpenylic aldehyde and terpenylic acid). 
The intermediate formed from the α-pinene oxide study was indirectly identified as 
campholenic aldehyde. This aldehyde may be one possible candidate of the “missing 
VOCs” often discussed in ambient ozone flux and OH reactivity studies that might 
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Development of a Method for Carbonyl Compound Analysis using HPLC/(-)ESI-
TOFMS
Figure 1. Analysis of carbonyl-hydrazones using the Zorbax SB C18 column without 
an organic modifier.
Figure 2. Improvement in peak intensity and shape after addition of 0.2% acetic acid 
as an organic modifier.
Appendix A
Figure 3. Improvement in peak separation using the Phenomenex Gemini C6 Phenyl 
column that enables additional π-π interaction. 
Figure 4. The Varian Pursuit XRs ultra Diphenyl column enables a fast analysis due 
to smaller particle sizes.
II
Appendix A
Figure  5. Application of a stronger gradient using the Varian Pursuit XRs ultra Di-
phenyl column.
Figure 6. Final method using the Varian Pursuit XRs ultra Diphenyl column. 
III
Appendix A
Figure 7. Analysis of the commercially-available Supelco carbonyl-hydrazone mix 1 
using the final HPLC/(-)ESI-TOFMS method.
IV
Appendix A
Denuder Calibration Studies using a Chamber Facility
Figure  8.  Calibration  curves  obtained  for  PTR-MS.  All  PTR-MS  signals  are 
normalised to the ion count rate of the primary ion isotope H3O+ detected at m/z 21. 
[Reprinted from Journal of Chromatography B, 879, Kahnt,  A., Iinuma, Y., Böge, O.,  Mutzel, A., 
Herrmann, H., Denuder sampling techniques for the determination of gas-phase carbonyl compounds: 
A comparison and characterisation of in situ and ex situ derivatisation methods, 1402-1411, Copyright 






Figure 9. Calibration curves obtained for XAD-4-coated denuders. (◊: excluded from 
a regression fit).
[Reprinted from Journal of Chromatography B, 879, Kahnt,  A., Iinuma, Y., Böge, O.,  Mutzel, A., 
Herrmann, H., Denuder sampling techniques for the determination of gas-phase carbonyl compounds: 
A comparison and characterisation of in situ and ex situ derivatisation methods, 1402-1411, Copyright 






Figure 10. Calibration curves obtained for XAD-4/DNPH-coated denuders.
[Reprinted from Journal of Chromatography B, 879, Kahnt,  A., Iinuma, Y., Böge, O.,  Mutzel, A., 
Herrmann, H., Denuder sampling techniques for the determination of gas-phase carbonyl compounds: 
A comparison and characterisation of in situ and ex situ derivatisation methods, 1402-1411, Copyright 






The Appendix B shows the evolution of oxidation products and fragments from the ozonolysis of α-pinene followed by β-pinene using the PTR-
MS instrument. The abscissae show the consumption of the parent hydrocarbon (α- or β-pinene) in ppb. On the ordinates the signal intensity of 
the products are shown that were normalised to the H318O+ signal (m/z 21) and related to the injected hydrocarbon concentration.
Appendix B




α-pinene / O3 / CO
pH 7 seed
(01.10.2010)
α-pinene / O3 
pH 2 seed
(01.03.2011)









α-pinene / O3 / CO
pH 7 seed
(01.10.2010)
α-pinene / O3 
pH 2 seed
(01.03.2011)









α-pinene / O3 / CO
pH 7 seed
(01.10.2010)













α-pinene / O3 / CO
pH 7 seed
(01.10.2010)
α-pinene / O3 
pH 2 seed
(01.03.2011)









α-pinene / O3 / CO
pH 7 seed
(01.10.2010)
α-pinene / O3 
pH 2 seed
(01.03.2011)









α-pinene / O3 / CO
pH 7 seed
(01.10.2010)
α-pinene / O3 
pH 2 seed
(01.03.2011)









β-pinene / O3 / CO
pH 7 seed
(13.04.2010)
β-pinene / O3 
pH 2 seed
(03.03.2011)









β-pinene / O3 / CO
pH 7 seed
(13.04.2010)
β-pinene / O3 
pH 2 seed
(03.03.2011)






Application of the DNPH Derivatisation for Selected Carboxylic Acids
Since the majority of oxidation products are not available as authentic standards and 
are  often  isobaric  isomers,  structural  elucidation  and  quantification  are  severely 
limited.  Derivatisation  reactions  can  be  used  to  obtain  information  about  the 
functional  groups  present  in  these  compounds.  Furthermore,  derivatisation  can 
enable  peak  separation  and  can  lead  to  improved  quantification.  An  example  is 
norpinonic acid C9H14O3 (Mw 170),  which contains an additional  aldehyde group. 
This acid is produced during α- and β-pinene oxidation, along with several isobaric 
isomers (e.g., 3- and 4-pinalic acid). Norpinonic acid can be synthesised and is often 
used as a surrogate to quantify the respective isomers. Although a direct analysis of 
the standard shows a symmetric peak, a direct filter extract analysis usually shows a 
blurred peak shape (Figure 11, left bottom). Improvement was observed when the 
norpinonic acid was in its hydrazone form, as shown in Figure 11 (right). 
Figure 11. Comparison of direct analysis of norpinonic acid (left) and the DNPH 
derivatisation method (right) for the standard compound and a filter sample from 
α-pinene ozonolysis.
No overlapping isobaric isomers were observed in the oxo-carboxylic acid pinonic 
acid C10H16O3 (Mw 184). Therefore, pinonic acid was used to compare the direct filter 
extract analysis with the DNPH derivatisation method. This comparison used five 
filter  samples  from the  α-pinene  ozonolysis.  The  DNPH method  resulted  in  1.5 
higher concentrations compared to the direct analysis. This higher concentration may 
have resulted from the correction applied to the sample preparation method when the 
DNPH derivatisation was used. Overall, the observed difference for both methods 
was not that large, which suggests that the derivatisation method could be applied to 
estimate the carboxylic acids that are functionalised with carbonyl groups. 
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Product Yields in the α-Pinene Ozonolysis Experiments
Table 1. Product yields from the gas- and particle-phase analysis of the α-pinene ozonolysis in the present study and comparison to the literature.
Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
Pinonaldehyde 
(Mw 168)
∑ m/z 151 m/z 527 m/z 527
24.6 27.0 31.2 33.0 7.5 8.1 16.1 7.7 0.1 0.2 0.2 0.2 51 ± 6 no scavenger g + p Hatakeyama et al. (1989)
19 ± 4 g Hakola et al. (1994)
14.3 ± 2.4 g Alvarado et al. (1998a)
21 – 24 no scavenger (LC) y g Christoffersen et al. (1998)
11 – 13 (HC) y g Christoffersen et al. (1998)
48 ± 5 (initial) – 19 ± 7 (final) g Ruppert et al. (1999) 
5.7 – 18.1 g Yu et al. (1999b)
0.3 – 0.9 p Yu et al. (1999b)
1.9 – 2.1 p Glasius et al. (2000) 
16.4 ± 2.9 g Baker et al. (2001)
23 ± 5 (dry) g Warscheid and Hoffmann 
(2001)
50 ± 5 (RH 60 - 80%) g Warscheid and Hoffmann 
(2001)
32 ± 4 (higher RH) g Berndt et al. (2003)
42 ± 5 (lower RH) g Berndt et al. (2003)
0.3 g Fick et al. (2003)
17.1 – 18.1 no scavenger (C yield) * g Jaoui and Kamens (2003a)
2.1 – 2.7 no scavenger (C yield) * p Jaoui and Kamens (2003a)
18.1 – 21.1 no scavenger (C yield) x g Jaoui and Kamens (2003a)
2.1 – 2.7 no scavenger (C yield) x p Jaoui and Kamens (2003a)
0.29 ± 0.09 p Winterhalter et al. (2003)
19.7 g Schrader et al. (2005)
27.7 no scavenger (total yield) g Czoschke and Jang (2006)
19 – 34 g Lee et al. (2006)
1.0 ± 0.3 p Ma et al. (2008)
30 ± 6 (303 K humid) g Tillmann et al. (2010)
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
7 ± 2 (303 K dry) g Tillmann et al. (2010)
Norpinonaldehyde 
(Mw 154)
∑ m/z 155 m/z 513 m/z 513
2.3 1.4 1.6 2.1 3.2 3.6 3.3 3.6 0.1 0.1 0.1 0.1 1.1 – 2.4 g Yu et al. (1999b)
0.1 – 0.2 p Yu et al. (1999b)
0.04 g Fick et al. (2003)
1.2 – 1.8 (C yield) * g Jaoui and Kamens (2003a)
0.7 – 0.9 (C yield) * p Jaoui and Kamens (2003a)
1.8 – 2.1 (C yield) x g Jaoui and Kamens (2003a)
0.9 (C yield) x p Jaoui and Kamens (2003a)
0.85 g Schrader et al. (2005)
7.9 no scavenger (total yield) g Czoschke and Jang (2006)
0.3 ± 0.1 g Lee et al. (2006)
0.1 ± 0.04 p Ma et al. (2008)
Hydroxy-pinonaldehyde 
(Mw 184)
∑ m/z 185 m/z 543 m/z 543
n.d. n.d. n.d. n.d. 2.3 4.2 2.7 3.2 0.2 0.3 0.4 0.4 0.8 – 9.2 (sum of isomers) g Yu et al. (1999b)
1.1 – 2.4 (sum of isomers) p Yu et al. (1999b)
0.32 – 0.51 p Glasius et al. (2000)
< 0.1 (10-OH-pinonaldehyde) (C yield) * g Jaoui and Kamens (2003a)
1.0 – 1.1 (10-OH-pinonaldehyde) (C yield) * p Jaoui and Kamens (2003a)
0.2 – 0.5 (1-OH-pinonaldehyde) (C yield) * g Jaoui and Kamens (2003a)
0.6 – 0.7 (1-OH-pinonaldehyde) (C yield) * p Jaoui and Kamens (2003a)
< 0.1 (10-OH-pinonaldehyde) (C yield) x g Jaoui and Kamens (2003a)
0.9 – 1.1 (10-OH-pinonaldehyde) (C yield) x p Jaoui and Kamens (2003a)
0.1 – 0.2 (1-OH-pinonaldehyde) (C yield) x g Jaoui and Kamens (2003a)
0.5 – 0.6 (1-OH-pinonaldehyde) (C yield) x p Jaoui and Kamens (2003a)
0.1 ± 0.03 p Winterhalter et al. (2003)
0.4 no scavenger (total yield) g Czoschke and Jang (2006)
Oxo-pinonaldehyde 
(Mw 182)
∑ m/z 183 m/z 721 m/z 721
1.5 0.8 0.7 0.6 trace 0.4 n.d. 0.4 trace trace 0.1 0.1 n.d. * g Jaoui and Kamens (2003a)
0.7 – 0.8 * p Jaoui and Kamens (2003a)
n.d. x g Jaoui and Kamens (2003a)
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
0.4 – 0.5 x p Jaoui and Kamens (2003a)
0.07 ± 0.05 p Winterhalter et al. (2003)
Terpenylic aldehyde 
(Mw 156)
∑ m/z 157 m/z 335_1 m/z 335_1
0.7 1.1 0.7 0.7 0.9 1.4 0.4 1.1 0.4 0.3 0.4 0.3
Terpenylic acid 
(Mw 172)
∑ m/z 173 m/z 171
n.d. n.d. n.d. n.d. N.A. N.A. N.A. N.A. 0.2 0.2 0.1 0.1 0.04 – 0.09 (reported as norpinic acid) p Glasius et al. (2000)
0.99 ± 0.22 (reported as Mw 172) p Winterhalter et al. (2003)
0.06 ± 0.02 (reported as norpinic acid) p Winterhalter et al. (2003)
0.1 no scavenger (total yield) 
(reported as norpinic acid)
Czoschke and Jang (2006)
0.14 ± 0.04 (reported as norpinic acid) p Ma et al. (2008)
Pinic acid 
(Mw 186)
∑ m/z 187 m/z 185
n.d. n.d. n.d. n.d. N.A. N.A. N.A. N.A. 0.6 0.7 0.3 0.4 0.23 – 0.54 no scavenger (LC) y p Christoffersen et al. (1998)
1.34 – 3.29 (HC) y p Christoffersen et al. (1998)
1.2 – 2.7 g Yu et al. (1999b)
1.8 – 3.9 p Yu et al. (1999b)
1.4 – 1.9 p Glasius et al. (2000)
3.2 p Koch et al. (2000)
4.5 no scavenger p Koch et al. (2000)
0.6 g Fick et al. (2003)
n.d. * g Jaoui and Kamens (2003a)
5.6 - 6.1 (C yield) * p Jaoui and Kamens (2003a)
n.d. x g Jaoui and Kamens (2003a)
5.9 – 6.8 (C yield) x p Jaoui and Kamens (2003a)
1.55 ± 0.28 p Winterhalter et al. (2003)
4.8 no scavenger (total yield) g Czoschke and Jang (2006)
2.85 ± 0.31 p Ma et al. (2008)
DTAA 
(Mw 232)
∑ m/z 233 m/z 231
n.d. n.d. n.d. n.d. N.A. N.A. N.A. N.A. 0.05 0.05 0.02 0.05
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
Norpinalic acid 
(Mw 156)
vide ∑ m/z 157 m/z 335_2 m/z 335_2
0.9 1.3 1.7 1.1 0.2 0.2 0.2 0.2 n.q. Yu et al. (1999b)
0.18 ± 0.04 p Ma et al. (2008)
Norpinonic acid 
(Mw 170)
∑ m/z 171 m/z 349 m/z 349
0.8 1.0 0.5 0.9 1.8 2.7 0.3 3.0 1.6 0.9 0.7 1.4 2.2 – 9.8 (sum of norpinonic and isomers) g Yu et al. (1999b)
2.1 – 4.8 (sum of norpinonic and isomers) p Yu et al. (1999b)
0.19 – 0.32 (sum of all isomers) p Glasius et al. (2000)
0.03 norpinonic acid g Fick et al. (2003)
0.04 norpinonic acid isomer g Fick et al. (2003)
0.8 – 0.9 norpinonic acid (C yield) * g Jaoui and Kamens (2003a)
0.9 – 1.0 norpinonic acid (C yield) * p Jaoui and Kamens (2003a)
1.8 – 1.9 pinalic-3- and -4-acid (C yield) * g Jaoui and Kamens (2003a)
1.5 – 1.7 pinalic-3- and -4-acid (C yield) * p Jaoui and Kamens (2003a)
0.6 – 0.7 norpinonic acid (C yield) x g Jaoui and Kamens (2003a)
0.5 – 0.8 norpinonic acid (C yield) x p Jaoui and Kamens (2003a)
1.4 – 1.8 pinalic-3- and -4-acid (C yield) x g Jaoui and Kamens (2003a)
1.3 – 1.5 pinalic-3- and -4-acid (C yield) x p Jaoui and Kamens (2003a)
0.37 ± 0.13 (sum of norpinonic and pinalic 
acid isomers) p
Winterhalter et al. (2003)
3.5 no scavenger (total yield) (norpinonic acid) g Czoschke and Jang (2006)
0.3 no scavenger (total yield) (4-pinalic acid) g Czoschke and Jang (2006)
0.1 ± 0.02 g Lee et al. (2006)
0.09 ± 0.03 (norpinonic acid) p Ma et al. (2008)
2.33 ± 0.33 (pinalic-3-acid) p Ma et al. (2008)
Pinonic acid 
(Mw 184)
Vide ∑ m/z 185 m/z 363 m/z 363
n.d. n.d. n.d. n.d. 0.7 0.9 0.2 0.8 0.1 0.1 0.04 0.1 0.05 – 0.07 no scavenger (LC) y p Christoffersen et al. (1998)
0.21 – 0.38 with scavenger (HC) y p Christoffersen et al. (1998)
0.6 – 6.6 g Yu et al. (1999b)
1.3 – 1.7 p Yu et al. (1999b)
1.5 – 2.1 p Glasius et al. (2000)
1.2 p Koch et al. (2000)
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
5.0 no scavenger p Koch et al. (2000)
0.4 g Fick et al. (2003)
3.5 – 4.1 (C yield) * g Jaoui and Kamens (2003a)
3.4 – 3.9 (C yield) * p Jaoui and Kamens (2003a)
3.6 – 3.7 (C yield) x g Jaoui and Kamens (2003a)
4.4 – 4.9 (C yield) x p Jaoui and Kamens (2003a)
0.71 ± 0.24 p Winterhalter et al. (2003)
2.7 no scavenger (total yield) g Czoschke and Jang (2006)
0.05 ± 0.02 g Lee et al. (2006)
1.86 ± 0.31 p Ma et al. (2008)
Oxo-pinonic acid 1 
(Mw 198)
∑ m/z 199 m/z 557_1 m/z 557_1
n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6 0.2 0.2 0.2 0.2
Oxo-pinonic acid 2 
(Mw 198)
Vide ∑ m/z 199 m/z 557_2 m/z 557_2
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3 0.2 0.5 0.5
Oxo-pinonic acid 3 
(Mw 198)
Vide ∑ m/z 199 m/z 557_3 m/z 557_3
n.d. n.d. n.d. n.d. 0.5 0.7 n.d. 0.7 0.3 0.3 0.5 0.3 trace – 0.03 (reported as product A14) g Yu et al. (1999b)
0.48 – 0.8 (reported as product A14) p Yu et al. (1999b)
0.16 ± 0.03 p Winterhalter et al. (2003)
n.d. (* and x) g Jaoui and Kamens (2003a)
0.4 – 0.6 4-oxopinonic acid (C yield) * p Jaoui and Kamens (2003a)
0.3 – 0.5 10-oxopinonic acid (C yield) * p Jaoui and Kamens (2003a)
0.2 – 0.3 4- and 10-oxopinonic acid (C yield) 
x p
Jaoui and Kamens (2003a)
0.7 no scavenger (total yield) g Czoschke and Jang (2006)
10-Hydroxy-pinonic acid 
(Mw 200)
∑ m/z 201 m/z 379 m/z 379
n.d. n.d. n.d. n.d. n.d. 0.7 n.d. n.d. n.d. 0.2 0.1 0.1 0.2 – 1.6 g Yu et al. (1999b)
1.3 – 2.1 p Yu et al. (1999b)
0.86 – 1.7 p Glasius et al. (2000)
0.51 ± 0.18 p Winterhalter et al. (2003)
0.3 no scavenger (total yield) g Czoschke and Jang (2006)
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
0.27 ± 0.07 p Ma et al. (2008)
C9H14O4 (2 C=O) 
(Mw 186)
∑ m/z 187 m/z 545 m/z 545
n.d. n.d. n.d. n.d. - - - - 0.3 0.3 0.4 0.3 0.13 ± 0.07 (reported as Mw 186; 
sum of isomers) p
Winterhalter et al. (2003)




∑ m/z 127 m/z 305 m/z 305
3.5 3.3 2.3 3.2 0.3 0.7 0.2 0.8 n.d. n.d. n.d. n.d. 0.17 (reported as sum of 2,2,3-trimethyl-
cyclobutylcarbaldehyde and (2,2-
dimethylcyclobutyl)acetaldehyde)
Schrader et al. (2005)
2,2-Dimethylcyclobutyl-1,3-
dicarbaldehyde C8H12O2 
(2 C=O) (Mw 140)
∑ m/z 141 m/z 499 m/z 499
3.8 3.2 2.2 4.8 2.9 3.6 3.4 2.4 n.d. n.d. n.d. n.d. 0.3 – 1.6 g Yu et al. (1999b)
n.d. p Yu et al. (1999b)
C9H16O
(Mw 140)
Vide ∑ m/z 141 m/z 319 m/z 319
2.6 4.0 3.1 4.7 n.d. n.d. n.d. n.d.
Verbenone C10H14O 
(Mw 150)
Vide ∑ m/z 151 m/z 329 m/z 329
2.6 2.7 3.7 2.7 n.d. n.d. n.d. n.d. 0.98 g Schrader et al. (2005)
Campholenic aldehyde 
(Mw152)
∑ m/z 153 m/z 331 m/z 331
4.1 7.1 4.1 7.8 4.7 5.8 10.3 5.2 n.d. n.d. n.d. n.d. 0.6 (reported as C10H16O ketone 1) g Alvarado et al. (1998a)
0.7 – 0.9 (C yield) (* and x) g Jaoui and Kamens (2003a)
0.1 (C yield) (* and x) p Jaoui and Kamens (2003a)
5.4 ± 0.6 (assigned as α-pinene oxide) g Lee et al. (2006)
1-[3-(hydroxy-methyl)-2,2-
dimethylcyclobutyl]ethanone) 
C9H16O2 (1 C=O) (Mw 156)
Vide ∑ m/z 157 335_3 335_3
0.9 1.2 0.7 1.4 n.d. n.d. n.d. n.d.
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
C10H14O3 (1 C=O) 
(Mw 182)
Vide ∑ m/z 183 m/z 361 m/z 361
n.d. trace 0.2 0.05 n.d. n.d. n.d. n.d.
C10H16O3 (1 C=O) 
(Mw 184)
Vide ∑ m/z 185 m/z 363_3 m/z 363_3
n.d. n.d. n.d. n.d. 0.2 0.4 0.3 0.1 n.d. n.d. n.d. n.d.
C10H16O3 (1 C=O) 
(Mw 184)
Vide ∑ m/z 185 m/z 363_4 m/z 363_4
n.d. n.d. n.d. n.d. 0.3 0.5 0.3 0.03 n.d. n.d. n.d. n.d.
1: α-pinene / O3 pH 7 (30.09.2010); 2: α-pinene / O3 / CO pH 7 (01.10.2010); 3: α-pinene / O3 pH 2 (02.03.2011); 4: α-pinene / O3 / CO pH 2 (10.01.2011).
g gas-phase;  p particle-phase; * daytime experiments (in the presence of NO x);  x nighttime experiments; HC high conversion experiment; LC low conversion experiment;  y the yields were 
calculated in the present study based on the reported values. D: XAD-4/DNPH denuder; F: Filter; N.A: not applicable.
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Product Yields in the β-Pinene Ozonolysis Experiments
Table 2. Product yields from the gas- and particle-phase analysis of the β-pinene ozonolysis in the present study and comparison to the literature.
Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
Nopinone 
(Mw 138)
∑ m/z 139 m/z 317 m/z 317
44.4 45.6 36.0 40.5 34.4 43.0 26.1 43.3 0.1 n.d. 0.1 n.d. 40 ± 2 no scavenger g Hatakeyama et al. (1989)
23 ± 5 g Hakola et al. (1994)
22 g Grosjean et al. (1993)
≈ 40 g Ruppert et al. (1999)
15.8 – 17.0 g Yu et al. (1999b)
trace p Yu et al. (1999b)
1.1 p Glasius et al. (2000)
21 no scavenger g Winterhalter et al. (2000)
16 ± 4 (dry) g Winterhalter et al. (2000)
35 ± 5 (humid) g Winterhalter et al. (2000)
15.5 – 15.9 (C yield) * g Jaoui and Kamens (2003a)
2.1 – 2.9 (C yield) * p Jaoui and Kamens (2003a)
16.8 – 17.4 (C yield) x g Jaoui and Kamens (2003a)
2.1 – 2.4 (C yield) x p Jaoui and Kamens (2003a)
15.2 – 21.1 g Jaoui and Kamens (2003c)
4.1 – 6.2 p Jaoui and Kamens (2003c)
17 g Lee et al. (2006)
≈ 16 (dry) g Ma and Marston (2008) 
37 ± 5 (RH 80%) g Ma and Marston (2008)
n.q. p Hohaus et al. (2010)
Hydroxy-nopinone 1 
(Mw 154)
∑ m/z 155 m/z 333_1 m/z 333_1
6.6 7.2 6.4 7.2 0.6 n.d. n.d. 1.3 n.d. n.d. n.d. n.d.
Hydroxy-nopinone 2 
(Mw 154)
Vide ∑ m/z 155 m/z 333_2 m/z 333_2
1.9 2.5 2.4 2.1 n.d. n.d. n.d. n.d.
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
3-Hydroxy-nopinone 
(Mw 154)
Vide ∑ m/z 155 m/z 333_3 m/z 333_3
2.2 1.5 n.d. 1.8 n.d. n.d. n.d. n.d. 6.6 – 7.9 (sum of isomers) g Yu et al. (1999b)
0.66 – 1.1 (sum of isomers) p Yu et al. (1999b)
n.q. p Glasius et al. (2000)
15 ± 5 (dry) g Winterhalter et al. (2000)
15 no scavenger g Winterhalter et al. (2000)
1.1 – 1.3 (3-OH-nopinone) 
(C yield) * g
Jaoui and Kamens (2003a)
0.7 – 0.9 (3-OH-nopinone) 
(C yield) * p
Jaoui and Kamens (2003a)
1.3 – 1.5 (1-OH-nopinone) 
(C yield) * g
Jaoui and Kamens (2003a)
1.1 – 1.3 (1-OH-nopinone) 
(C yield) * p
Jaoui and Kamens (2003a)
1.2 – 1.3 (3-OH-nopinone) (C yield) x g Jaoui and Kamens (2003a)
0.3 – 0.6 (3-OH-nopinone) (C yield) x p Jaoui and Kamens (2003a)
1.0 – 1.1 (1-OH-nopinone) (C yield) x g Jaoui and Kamens (2003a)
1.1 – 1.2 (1-OH-nopinone) (C yield) x p Jaoui and Kamens (2003a)
2.2 – 3.5 (3-OH-nopinone) g Jaoui and Kamens (2003c)
< 0.1 – 2.4 (3-OH-nopinone) p Jaoui and Kamens (2003c)
3.1 – 4.9 (1-OH-nopinone) g Jaoui and Kamens (2003c)
2.1 – 2.8 (1-OH-nopinone) p Jaoui and Kamens (2003c)
4.7 ± 1 g Lee et al. (2006)
n.q. (1-OH-nopinone) p Hohaus et al. (2010)
Oxo-nopinone 
(Mw 152)
∑ m/z 153 m/z 511 m/z 511
9.5 12.3 8.5 13.5 21.0 30.0 13.3 38.7 n.d. n.d. n.d. n.d. 1.8 – 7.6 (3-oxo-pinaketone) g Yu et al. (1999b)
0.02 – 0.11 (3-oxo-pinaketone) p Yu et al. (1999b)
0.5 – 0.7 (3-oxonopinone) (C yield) * g Jaoui and Kamens (2003a)
< 0.1 (3-oxonopinone) (C yield) * p Jaoui and Kamens (2003a)
0.3 – 0.4 (3-oxonopinone) (C yield) x g Jaoui and Kamens (2003a)
< 0.1 (3-oxonopinone) (C yield) x p Jaoui and Kamens (2003a)
0.9 – 3.0 (3-oxonopinone) g Jaoui and Kamens (2003c)
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
< 0.1 – 0.8 (3-oxonopinone) p Jaoui and Kamens (2003c)
6.1 ± 1 g Lee et al. (2006)
n.q. (3-oxonopinone) p Hohaus et al. (2010)
Myrtanal 
(Mw 152)
Vide ∑ m/z 153 m/z 331 m/z 331
8.2 17.0 6.6 9.4 n.d. n.d. n.d. n.d. 0.7 – 0.9 (C yield) * g Jaoui and Kamens (2003a)
0.4 – 0.5 (C yield) * p Jaoui and Kamens (2003a)
0.3 – 0.4 (C yield) x g Jaoui and Kamens (2003a)
n.d. x p Jaoui and Kamens (2003a)
0.9 – 1.8 g Jaoui and Kamens (2003c)
0.4 – 0.5 p Jaoui and Kamens (2003c)
n.q. p Hohaus et al. (2010)
Acetone 
(Mw 58)
∑ m/z 59 m/z 237 m/z 237
5.2 1.7 3.7 0.7 n.q. n.q. n.q. n.q. n.d. n.d. n.d. n.d. 7 ± 5 g Reissell et al. (1999)
4 g Ruppert et al. (1999)
0.9 ± 0.9 g Orlando et al. (2000)
1.0 – 1.1 (C yield) * g Jaoui and Kamens (2003a)
n.d. (* and x) p Jaoui and Kamens (2003a)
1.1 – 1.3 (C yield) x g Jaoui and Kamens (2003a)
5.2 – 6.5 g Jaoui and Kamens (2003c)
n.d.  p Jaoui and Kamens (2003c)
3.6 g Lee et al. (2006)
n.q. p Hohaus et al. (2010)
Terpenlyic 
aldehyde (Mw 156)
∑ m/z 157 m/z 335_1 m/z 335_1
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4 n.d. 0.3 n.d.
Norpinonic acid 
isomer (Mw 170)
∑ m/z 171 m/z 349 m/z 349 Only detected in high conversion
experiment (suggested as 
homoterpenylic aldehyde)
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 4.6 – 14.3 (norpinonic acid and 
isomers) g
Yu et al. (1999b)
1.3 – 2.2 (norpinonic acid and 
isomers) p
Yu et al. (1999b)
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
trace (sum of all norpinonic acid 
isomers) p
Glasius et al. (2000)
0.8 – 0.9 (norpinonic acid) (C yield) * g Jaoui and Kamens (2003a)
0.9 – 1.0 (norpinonic acid) (C yield) * p Jaoui and Kamens (2003a)
1.8 – 1.9 (pinalic-3- and -4-acid) 
(C yield) * g
Jaoui and Kamens (2003a)
1.5 – 1.7 (pinalic-3- and -4-acid) 
(C yield) * p
Jaoui and Kamens (2003a)
0.6 – 0.7 (norpinonic acid) (C yield) x g Jaoui and Kamens (2003a)
0.5 – 0.8 (norpinonic acid) (C yield) x p Jaoui and Kamens (2003a)
1.4 – 1.8 (pinalic-3- and -4-acid) 
(C yield) x g
Jaoui and Kamens (2003a)
1.3 – 1.5 (pinalic-3- and -4-acid) 
(C yield) x p
Jaoui and Kamens (2003a)
0.9 – 1.5 (pinalic-3-acid) g Jaoui and Kamens (2003c)
1.1 – 2.2 (pinalic-3-acid) p Jaoui and Kamens (2003c)
0.1 ± 0.03 g Lee et al. (2006)
1.56 ± 0.31 (pinalic-3-acid) p Ma and Marston (2008)
0.12 ± 0.03 (pinalic-4-acid) p Ma and Marston (2008)
Terpenylic acid 
(Mw 172)
∑ m/z 173 m/z 171 m/z 171
n.d. n.d. n.d. n.d. N.A. N.A. N.A. N.A. 0.07 n.d. 0.04 n.d. 0.17 – 0.23 (reported as norpinic 
acid) g
Yu et al. (1999b)
0.09 – 0.11(reported as norpinic acid) p Yu et al. (1999b)
0.01 – 0.18 (reported as norpinic acid) p Glasius et al. (2000)
n.d. (reported as norpinic acid) (* and x) g Jaoui and Kamens (2003a)
< 0.1 (reported as norpinic acid) 
(* and x) p
Jaoui and Kamens (2003a)
0.11 ± 0.03 (reported as norpinic 
acid) p
Ma and Marston (2008)
Pinic acid 
(Mw 186)
∑ m/z 187 m/z 185 m/z 185
n.d. n.d. n.d. n.d. N.A. N.A. N.A. N.A. 0.2 0.1 0.2 0.1 1.7 – 2.5 g Yu et al. (1999b)
0.91 – 1.2 p Yu et al. (1999b)
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Molar yield [%] This study Molar yield [%] Other studies
Compound PTR-MS Denuder Filter
1 2 3 4 1 2 3 4 1 2 3 4 References
0.46 – 3.9 p Glasius et al. (2000)
2.1 p Koch et al. (2000)
2.7 no scavenger p Koch et al. (2000)
2 ± 1 g Winterhalter et al. (2000)
n.d. (* and x) g Jaoui and Kamens (2003a)
5.6 – 6.1 (C yield) * p Jaoui and Kamens (2003a)
5.9 – 6.8 (C yield) x p Jaoui and Kamens (2003a)
n.d. g Jaoui and Kamens (2003c)
4.8 – 6.2 p Jaoui and Kamens (2003c)
2.18 ± 0.35 p Ma and Marston (2008)
Oxo-pinonic acid 
isomer (Mw 198)
∑ m/z 199 m/z 557 m/z 557
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.2 n.d. n.d. n.d. n.d. (4- and 10-oxo-pinonic acid)
(* and x) g
Jaoui and Kamens (2003a)
0.4 – 0.6 (4-oxo-pinonic acid) 
(C yield) * p
Jaoui and Kamens (2003a)
0.3 – 0.5 (10-oxo-pinonic acid) 
(C yield) * p
Jaoui and Kamens (2003a)
0.2 – 0.3 (4- and 10-oxo-pinonic acid) 
(C yield) x p




(2 C=O) (Mw 140)
∑ m/z 141 m/z 499 m/z 499
3.4 3.7 2.6 3.0 4.4 3.2 1.8 2.7 n.d. n.d. n.d. n.d. 0.29 – 0.35 g Yu et al. (1999b)
n.d. p Yu et al. (1999b)
1: β-pinene / O3 pH 7 (14.04.2011); 2: β-pinene / O3 / CO pH 7 (13.04.2011); 3: β-pinene / O3 pH 2 (03.03.2011); 4: β-pinene / O3 / CO pH 2 (21.03.2011).
g gas-phase; p particle-phase; * daytime experiments (in the presence of NOx); x nighttime experiments. 
D: XAD-4/DNPH denuder; F: Filter; N.A: not applicable; n.d.: not detected; n.q.: not quantified. 
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1. Introduction and Motivation
Substantial  amounts  of  volatile  organic  compounds (VOCs) are  released  into the 
atmosphere. Globally, the emissions of biogenic VOCs (BVOCs) exceed those of 
anthropogenic VOCs by a factor of 10. Important  BVOCs are monoterpenes that 
have a chemical formula of C10H16. The atmospheric degradation of monoterpenes 
includes reactions with ozone, OH and NO3 radicals, which leads to a diverse range 
of oxidation products. Some of the oxidation products produce secondary organic 
aerosol  through  a  gas/particle  partitioning  process.  SOA formation  is  important 
because it can influence the Earth’s radiation balance directly and indirectly. It can 
also  affect  local  air  quality,  for  example  through  visibility  reduction,  and  can 
adversely impact human health. Despite considerable progress in the last decade, a 
large gap remains in our understanding of SOA formation processes, particularly the 
chemical  species  involved  in  these  processes  and  their  roles  in  SOA formation 
mechanisms.  A  detailed  chemical  characterisation  of  SOA  and  the  associated 
gas-phase compounds is an essential step towards improving our knowledge of SOA 
formation in the atmosphere, and ultimately, understanding the impact of SOA on the 
climate and human health. 
2. Objectives
The present study intends to improve the knowledge on the chemical species and 
processes  leading  to  SOA formation  in  the  atmosphere.  To  this  end,  a  series  of 
monoterpene ozonolysis experiments were performed using an indoor aerosol smog 
chamber (Leipziger  Aerosol  Kammer,  LEAK).  The present  study emphasised the 
following  points:  (i)  a  comprehensive  chemical  characterisation  of  oxidation 
products bearing carbonyl groups in the gas- and particle-phase to better understand 
their roles in the SOA formation processes; (ii) identifying specific biogenic SOA 
tracer compounds containing carbonyl compounds in both aerosol chamber samples 
and ambient samples using High Performance Liquid Chromatography Electrospray 
Ionisation Time-of-Flight  Mass Spectrometry (HPLC/ESI-TOFMS);  (iii)  obtaining 
more  insights  into  the  mechanisms  leading  to  the  formation  of  semivolatile  and 
low-volatile  oxidation  products  from  the  gas-phase  ozonolysis  of  monoterpenes; 
(iv) examining  the  impact  of  HO2/RO2 ratios  on  aerosol  formation  during 
monoterpene ozonolysis;  (v)  investigating the formation  of  reactive intermediates 
from the  rearrangement  reactions  of  monoterpene  oxides  and their  SOA-forming 
potential in the presence of ozone. 
To  achieve  these  goals,  the  present  study  applied  a  combination  of  analytical 
techniques: (i) a liquid chromatographic method for the separation and detection of 
carbonyl-hydrazone compounds using a high resolution mass spectrometer (HPLC/
(-)ESI-TOFMS); (ii) an optimised derivatisation method for the analysis of higher 
Mw carbonyl  compounds  that  originate  from  monoterpene  oxidation;  (iii)  an 
improved denuder sampling technique for the trapping of atmospherically relevant 
carbonyl  compounds;  (iv)  Gas Chromatography-Mass Spectrometry (GC/MS) and 
Proton Transfer Reaction-Mass Spectrometry (PTR-MS) measurements to compare 
and validate the denuder measurements.
3. Results
3.1 Carbonyl Derivatisation using 2,4-Dinitrophenylhydrazine (DNPH)
The  derivatisation  reaction  for  carbonyl  compounds  that  originates  from 
monoterpene  oxidation  was  evaluated  using  2,4-dinitrophenylhydrazine.  It  was 
observed  that  longer  reaction  times  were  required  for  the  higher  Mw carbonyl 
compounds (more than six hours) compared to the values reported in the literature 
for low Mw carbonyl  compounds (several  minutes to a few hours).  The acid that 
catalysed  the  derivatisation  reaction  is  recommended  to  be  in  the  lower  mM 
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concentration range and needs to be removed afterwards. A solid phase extraction 
step was shown to be a good sample purification method based on the determined 
recoveries  and  relative  standard  deviations.  The  higher  Mw carbonyl-hydrazones, 
which were of interest in the present study, showed average recoveries larger than 
86% for campholenic aldehyde, nopinone and pinonaldehyde with a RSD (relative 
standard deviation) of 14% maximum. Small and functionalised carbonyl compounds 
tend  to  show  lower  recoveries  as  demonstrated  by  formaldehyde,  acetone, 
acetaldehyde, pinonic acid and norpinonic acid with recoveries of more than 40% 
and  RSD  values  smaller  than  13%.  All  of  the  investigated  carbonyl-hydrazones 
showed  appropriate  quantification  parameters  using  the  HPLC/(-)ESI-TOFMS 
method with a coefficient of determination (R2) larger than 0.9850 and up to 0.9999 
for formaldehyde, acetone, acetaldehyde, campholenic aldehyde and nopinone. 
3.2  Application to a Denuder/Filter Sampling Technique
A denuder/filter  sampling system (Figure 1) enables the simultaneous trapping of 
gaseous and particulate compounds. To reduce the uncertainties from the denuder 
measurements,  the  technique  was  characterised  using  atmospherically  relevant 
carbonyl  compounds  in  chamber  studies.  The  present  investigation  compared 
denuders coated with XAD-4 resin and denuders  coated with XAD-4/DNPH, the 
latter of which enables simultaneous trapping and derivatisation. 
Figure 1. XAD-4/DNPH denuder/filter sampling set-up used in the present study.
It was shown that the modification of a XAD-4 resin coating procedure improved the 
denuder  performance  significantly,  and  the  application  of  a  vacuum drying  step 
enhanced  the  trapping  of  carbonyl  compounds  noticeably  (e.g.,  up  to  27%  for 
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campholenic aldehyde).
Optimal sampling parameters were determined to be 10 L min-1 at a relative humidity 
of 50%. It was demonstrated that the application of DNPH on the denuder surface 
reduced  the  break-through  potential,  and  improved  the  denuder  performance.  In 
comparison  to  the  XAD-4-only  coated  denuder,  the  break-through  potential  was 
reduced from 98% to 0.9% for methyl vinyl ketone when the XAD-4/DNPH denuder 
was used. Especially for highly volatile species, the fraction of carbonyl compounds 
on the filter material, and thus the positive artefacts, was reduced noticeably when 
the  XAD-4/DNPH  denuder  was  connected  prior  to  the  filter.  For  example,  the 
acetone  fraction  detected  in  the  filters  was  reduced from 8.7% to  0% when  the 
XAD-4/DNPH denuder was used.
Calibration  experiments  against  the  aerosol  chamber  were  also  performed.  This 
method reduced the uncertainties related to the quantification of gaseous carbonyl 
compounds in the denuder measurements because the losses and errors associated 
with the denuder sampling, extraction and sample preparation were included in the 
calibration curves. The RSDs were reduced by half for acetone, acetaldehyde, methyl 
vinyl  ketone,  glyoxal,  benzaldehyde  and  campholenic  aldehyde  using  a 
XAD-4/DNPH denuder, and the quantification error was reduced.
As more reproducible measurements were achieved with XAD-4/DNPH denuders, 
more reliable calibration curves were produced for this denuder type with R2 values 
up to 0.991 for nopinone. Furthermore, the LOD values were reduced significantly 
by up to one order of magnitude for the XAD-4/DNPH denuders, as demonstrated by 
hydroxyacetone, methyl vinyl ketone and campholenic aldehyde. These LOD values 
were sufficiently low for an ambient application.
3.3 α-Pinene and β-Pinene Ozonolysis
The denuder/filter sampling technique was applied to the α- and β-pinene ozonolysis 
in the presence and absence of carbon monoxide (CO) as an OH radical scavenger. 
The presence of CO increased the HO2/RO2 ratio in the system, and the present study 
examined  the  effect  of  the  HO2/RO2 ratios  on  the  SOA  formation,  product 
distribution and partitioning behaviours of selected oxidation products in conjunction 
with different seed particle acidities.
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On the basis of the COPASI model simulations, the HO2/RO2 ratio for the  α- and 
β-pinene ozonolysis in the presence of CO was approximately 1 in the present study. 
Past atmospheric measurement studies have reported HO2/RO2 ratios between 0.25 
and 1.33 (Stevens et al., 1997; Hanke et al., 2002; Mihelcic et al., 2003; Fuchs et al.,  
2008;  Hornbrook et  al.,  2011) when the NOx mixing ratios were below 100 ppt. 
Hence, the experimental conditions in the present study were largely consistent with 
atmospheric conditions. 
3.3.1 SOA Growth 
As shown in Figure 2 (left), a much higher SOA formation was observed at a given 
α-pinene conversion in the presence of CO when the acidic seed particle was present, 
but no significant difference was found when the neutral seed particle was present. 
For the  β-pinene ozonolysis, the presence of CO decreased the SOA formation for 
both the acidic and neutral seed particles (Figure 2, right).
Figure  2.  SOA  growth  curves  from  α-pinene  ozonolysis  (left)  and  β-pinene 
ozonolysis (right) with (triangle) and without (circle) CO as an OH scavenger with 
different seed particle acidities (filled symbol for pH 7 and open symbol for pH 2).
In  comparison  to  the  neutral  seed  particle  case,  the  presence  of  the  acidic  seed 
particle  enhanced the SOA yield by ~ 8% for the  α-pinene ozonolysis  with CO. 
Unlike  α-pinene ozonolysis, the acidic seed particle only marginally increased the 
SOA yield  for  β-pinene  ozonolysis  with  CO  (~  2%).  These  results  support  the 
differences in the properties of α- and β-pinene ozonolysis products, as proposed by 
Docherty  et  al.  (2005).  While  the  ozonolysis  of  α-pinene  at  elevated  HO2 levels 
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resulted in C10 hydroperoxide, β-pinene oxidation led to a more volatile C9 ketone 
hydroperoxide. The enhanced SOA growth observed in α-pinene ozonolysis when the 
CO  and  acidic  seed  particles  co-existed  may  be  explained  by  an  acid-catalysed 
reaction of the organic peroxides that led to the formation of higher molecular weight 
compounds. 
3.3.2  Specific Oxidation Products
Eleven compounds were detected in the denuder extracts of the α-pinene ozonolysis 
samples that showed corresponding signals in the PTR-MS instrument. Among these, 
chemical  structures  for  seven  compounds  were  proposed.  Amongst  those,  two 
compounds were identified – verbenone and pinonaldehyde. The yields determined 
from the PTR-MS and denuder sampling technique showed that the estimated yields 
for these seven compounds laid in the range of 1 and 8%, except for pinonaldehyde. 
Pinonaldehyde  –  a  main  oxidation  product  from  the  α-pinene  oxidation  –  was 
determined  in  the  present  investigation  to  have  a  yield  of  20-33%.  This  was  in 
agreement with previous studies that used PTR-MS measurements (Lee et al., 2006; 
Tillmann et al., 2010). Terpenylic aldehyde and 1-[3-(hydroxymethyl)-2,2-dimethyl-
cyclobutyl]ethanone (Figure 3) were tentatively identified in the present study and 
gas- and particle-phase yields were estimated for the first time. Both compounds had 
molar yields of about 1%. Only terpenylic aldehyde was detected in the particle-
phase with a yield of approximately 0.4%.
Figure 3. Tentatively identified compounds in the present α-pinene ozonolysis study.
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Several monomeric compounds were detected in the particle samples, most of them 
being functionalised carboxylic acids. Approximately 20% of the organic mass was 
resolved in  the  present  study  from the  sum of  the  determined concentrations  of 
monomeric oxidation products in the α-pinene ozonolysis. 
Thirteen  semivolatile  compounds  were  detected  in  both  the  denuder  and  filter 
samples, and partitioning coefficients (Ki) were determined for eleven compounds. 
The derived Ki values for the functionalised carboxylic acids were in the range of 
10-3 m3 µg-1 for each of the experimental conditions. In general, the Ki values for the 
carbonyl compounds were approximately one order of magnitude lower than those 
for carboxylic acids (i.e., 10-4 m3 µg-1). 
In contrast to the α-pinene ozonolysis, only a small number of compounds containing 
a carbonyl group were detected in the  β-pinene ozonolysis samples.  The denuder 
analysis  revealed  six  carbonyl  compounds  with  corresponding  signals  in  the 
PTR-MS instrument. The gas-phase yield of nopinone—the main oxidation product
—agreed well with both the denuder and the PTR-MS measurements, and fell within 
12% for all the performed experiments. 
From the denuder analysis, it was possible to discriminate between three isomers of 
hydroxy-nopinones, and from those, 3-hydroxy-nopinone was identified as the main 
component with a yield of about 2%. Mass spectrometric evidence was provided for 
a previously unidentified oxidation product that is an isobaric isomer of norpinonic 
acid  and  was  present  in  the  gas-  and  particle-phases.  Other  particle-phase 
constituents were not adequately determined, as only 3 to 12% of the organic mass 
could be resolved in the present β-pinene ozonolysis study. 
3.4 Investigations of Monoterpene Oxides and their SOA Formation Potential via  
Acid-Catalysed Rearrangement 
The present study demonstrated that the acid-catalysed isomerisation of monoterpene 
oxides leads to highly reactive SOA precursors that subsequently react with ozone 
and contribute to aerosol formation.
As  shown in  Figure  4,  a  strong correlation  between  aerosol  formation  and  seed 
particle acidity was observed. 
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Figure  4.  Observed  organic  mass  increase  for  the  α-pinene  oxide  (left)  and  the 
β-pinene oxide (right) experiments in the presence of different seed particle acidities 
and ozone. The reference experiments without ozone are shown in pink.
For the α-pinene oxide experiment in the presence of pH 0 seed particles and ozone, 
an organic mass increase of 90% was observed, compared to a reference experiment 
without  ozone.  Although slightly  lower,  the  β-pinene oxide rearrangement  of  the 
pH 0  seed  particles  in  the  presence  of  ozone  also  resulted  in  a  significant  mass 
increase,  with  an enhanced organic  mass  of  50% in comparison to  the  reference 
experiment without ozone. 
The SOA yield from the α-pinene oxide / O3  / pH 0 experiment (Figure 5 left) was 
determined to be 0.59, and therefore, about 25% higher than the SOA yield obtained 
from the α-pinene ozonolysis under similar conditions in the present study. 
Figure  5.  Time-dependent  SOA yield  curve  for  the  α-pinene  oxide  /  O3 /  pH 0 
experiment (left) and the β-pinene oxide / O3 / pH 0 experiment (right). 
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This previously unrecognised pathway of isomerisation reactions with the subsequent 
ozonolysis of the formed SOA precursor partly explained the formation of certain 
oxidation products (i.e., terpenylic aldehyde and terpenylic acid). 
Based  on  comparison  studies  with  simple  beaker  experiments  and  chamber 
experiments  with  known  rearrangement  products,  the  compound  from  the 
isomerisation  of  α-pinene  oxide  was  identified  as  campholenic  aldehyde.  This 
aldehyde may be one possible candidate of the “missing VOCs” often discussed in 
ambient ozone flux and OH reactivity studies. 
4. Conclusions
The present study characterised a series of carbonyl compounds originating from the 
monoterpene  ozonolysis  and  provided  partitioning  coefficients  (Ki)  for  these 
compounds.  Thirteen  carbonyl  compounds  were  determined  in  both  the  gas  and 
particle samples, and structures were suggested for eleven compounds. The derived 
Ki values were in the range of 10-3 m3 µg-1 for the functionalised carboxylic acids and 
10-4 m3 µg-1 for the carbonyl compounds. To the best of the author’s knowledge, this 
is  the  first  time  that  the  Ki value  of  terpenylic  aldehyde  has  been  determined 
experimentally.
Terpenylic  aldehyde  was  tentatively  identified  in  both  the  chamber  and  ambient 
samples. This compound is an important intermediate for the formation of terpenylic 
acid,  which  is  one  of  the  major  SOA compounds  from  α-pinene  oxidation.  The 
tentative identification of terpenylic aldehyde sheds light on the reaction mechanisms 
that lead to SOA formation from monoterpene oxidation. 
The  influence  of  HO2/RO2 ratios  on  SOA formation  was  also  demonstrated.  An 
increase in SOA formation was observed for α-pinene ozonolysis, whereas a decrease 
was observed for β-pinene ozonolysis when the HO2/RO2 ratio was elevated. These 
results agree with earlier  studies that predicted an increase in SOA formation for 
endocyclic  alkene  ozonolysis  and  a  decrease  in  exocyclic  alkene  ozonolysis. 
Furthermore, the acidic seed particle enhanced the SOA yield by about 8% for the 
α-pinene ozonolysis with CO, while this effect was only marginal for the  β-pinene 
ozonolysis with CO (~ 2%). When CO was not present, the acidic seed particle did 
not enhance the SOA yields significantly.
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The present study showed that the isomerisation of monoterpene oxides on acidic 
seed particles led to the formation of highly reactive SOA precursors, and subsequent 
reactions with ozone contributed to SOA formation significantly. The reactive SOA 
precursor  from  the  α-pinene  oxide  isomerisation  reaction  was  identified  as 
campholenic aldehyde. In the presence of ozone and acidic seed particles,  α-pinene 
oxide produced 90% more SOA mass compared to the reference experiment without 
ozone.
These findings provide clues about the complex chemistry and processes involved in 
SOA formation from monoterpene oxidation. The SOA formation process needs to 
be better understood in order to fill the gap that remains in our ability to predict the  
global SOA budget accurately from atmospheric VOC oxidation. 
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